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F = ma 
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Primary dimension 

SI unit 

RCt unit 

(. {inversion factor 

Matt \M\ 

Kilogram (kg) 

Slug 

1 sEug = 14.5939 kg 

Length 1/.} 

Meter t ml 

Foot {ft} 

1 ft - 0304 a m 

Time {T\ 

Second i.i} 

Second (s) 

U = h 

Temperature [H| 

Kelvin (K) 

R&nkine (°R:i 

S K = | ,H R 


JJlil 


F 


Sc 


„ ft ■ Ibra 
where g* - 32.,74— 
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.-2 


P + 2^ V + P$ Z 


= const ant 


Secon ri&r v ft i menshin 

p 

Si Liijit 

Mi unit 

l.umeraiuii factor 

Area lL : f 

7 

nr 

tf 

] m 2 - 10.704 fl- 

Volume {.t 4 l 

in 4 

ft 3 

1 m* = 35,315 fr 

Velocity {IT L 1 

iti/s 

ft/s 

1 fv's = 0.3D4S mM 

Acceleration J 2 J 

m/s 2 

ft/a 2 

1 ft/s 2 - 0.3O4B m/s 2 

Prepare or stress [AtfL T 2 \ 

Pa - M/m 2 

Ibf/ft 2 

I Ibf/ft 2 - 47.88 Pa 

Angular velocity IT 3 \ 

S J 

s 1 

1 s 1 = i s ' 

Enerfy, Lieat, work { jVfl'V ) 

J ~ N - m 

ft • Jbf 

1 ft ■ Ibf - 1.3558 J 

Power \ML 2 7 3 f 

W - J/ti 

ft ■ Jbf/s 

1 ft ■ lbf/s = 1355® W 

EtebSily [jWL _j | 

kg/ird 

slngs/fi* 

1 = 5)5.4 kg/m 4 

Viscosity jA/L'Y -1 } 

ky/irn - s) 

slug$/(ft - £-> 

1 slug/C fl - s) = 47.88 k^/(m ■ s) 

Specific heac [L 2 T 3 ') 

m 2 /(s" - K) 

frA> 2 • n K) 

] m 2 j/ • K) - 5.9&0 ft 1 #/ • r R) 


F = W" = 1000 Ibf “ wp xr = (w)(32.174 ft/s 2 ), or w = — 1P2?2IJ_ - 3 1 ,0S slugs 

32. 174 ft/s' 


m ~ 3 1 .OR slugs = [31. OS sJugsXM .5939 kg/slug) = 454 kg 


Am. (0) 


F — ~ mg - (454 kg Ml. 62 ulyV) - 735 N Am. (b) 


400 ll>f ft/' , 1A ni\ „ rit 

a = ; = 12.87 0 . 3048 - = 3 . 62 - 

31.08 slugs s" V ft/ s' 


/Ifli'. (t) 



fj, - 0.01 
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cm ■ s 
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g(l kg/JODOg) 


cm - 

v = 0.01 = 0.01 

8 


cm(0„01 m/cm)s 
cm^O.OI m/cm) J 


- 0 . 001 . 


kg 


m ’ s 


= 0.000001 
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Arts. (<v) 


{JL = 0.01 
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crn ' s 

J 2 


= 0 . 0 ! 


g(l kg/ 1 OOP g)( 1 slug/14,5939 kg) 
(0.0 1 m/tmX I ft/0.3048 m)s 


= 0.00002D9 


ft ■ s 


, cur . cm - (0.01 m/cm) 2 (l ft/0.3048 mV fr 

v ~ 0,01 0.01 - - - - — -- t. . - 0,0000108 — 

s s s 
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r '*} + {ML ’MUT '} + \ML *\\LT -]{L) 
{ML '7" 2 [ tor ail terms 


Aim, (a) 


\ N/nr [ — j N/m“ 1 + [ kg/m 4 ) | m 2 /sr 1 + { kg/m 4 1 { m/s 2 ) { m ; 
= (N/m"] + ( kg/{m * jr)j 



{kg/(m ■ s : )} “ = {N/nr) 


Ans. (h) 


[ I bf/ft 2 ) = (lbf/fi 2 ) + {shigs/fi 3 ) {ft 2 /s 2 J + { slugs/ft 3 ) {ft/s 2 } 1 ft) 
— {lbf/fi 2 } + {sJugs/(fi t >r)] 


(slugs/ (it ■ s 2 )} = 


{!bf jiVf'i } 


{ft ■ s’} 


= (Ibt/fr 2 } 


Arts. (c) 
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>.9pcn iii.u 



Multiplied Ike 
factor 
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nifool 

10 ] " 
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T 

10 s 
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e = u + W 2 + (-g ■ r) 


Cl. 8) 


e = ft + jV'"' + gz 



}) - pRT R - c p - c. ya* constant 


U 



49.700 ft • iM/fslugmol ' R) 
28.97/mol 


ft * Ibf 
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slug ■ °R 






_ 2116 slug/(ft-s a ) 

P *' T ~ [1716 fr/(s 2 ■ °R)](52(fR) 


= 0.00237 slug/ft 3 =1.22 kg/nr' 


(U3) 



(1-14) 


h = 'u + £ = it + 
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' = ftC7‘) 



dh = c } [J)dT 


(1.15) 



(U6) 




» 4293 f't J /(s 3 ■ °R) = 7 1 8 nr/(s 2 ■ K) 
~ 6010 ft 2 /(s 2 * °R) = 1003 m 2 /(s 2 - K) 


(1.17) 
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SIEftrlQ 


^i-ngihiih = 49,700 ft - lhf/(slugmol °R) 
Mh ; 0 ] 8.02/mol 





14.400 Ibf/tr 

27:58 ft ■ lbf/($lug ■ “R)](8G0 “R> 


0.00607 
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(1,3X2758 U • iht/isl ugt R)) 
(J.3 - 1) 


12.000 


ft - Ihf 
si ug r 'R 


A ns, (a) 


Rho = DENSITY (steam, P = 100, T = 400) 
Cp = SPECHEAT (steam, P = 100, T = 400) 


Rho ~ 0.2027 lbm/ft 3 ; Cp ~ 0.5289 Btu/ (lbm-F) 


Rho 2 = Rho*CONVERT ( ' lbm/ft A 3' , ' slug/ft A 3' ) 
Cp2 = Cp* CONVERT ( ' Btu/ lbm-F ' , ' ft A 2/s A 2-R' ) 


Rho 2 = 0.00630 slug/ ft : Cp2 = 13,200 ftVfe 2 -R) Ans. (h) 
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Rhoz = 2.0 

B = 3000 
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P = 1100. Pz 
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0.551 AC, ,,D 



(ill dli 

pi(— + PVT- 

dx dv 


dp flr 

T~ + PVh\ + ~T~ 
aX dy 


Q «* 6 ! . 90 -’ 



0. 54 


T, °F 

400 

500 

600 

700 

soo 

v, ft 3 /! bin 

12.624 

14,165 

1 5,685 

17,195 

1 S.699 


Pressure, MPa 

0.01 

10.23 

20.70 

34.3 1 

Density, kg/m ! 

586.3 

604.1 

617.8 

632.0 




T, K 

200 

400 

600 

800 

1000 

L200 

fi.* kgfi m k s} 

L50 E-5 

2.43 E-5 

3.20 E-5 

3.88 E-5 

4,50 E-5 

5.08 E-5 


Block contact 
nr c&A 





Strain rate, s 

f 

10 

BOO 
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Apparent viscosity. 
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0.009 

0.000 

0.004 


kg/(m * si 
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Q ? m'/h 

0.36 
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LOS 
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X fy = 0 = p x b As - p,b As sin 0 
£ f . = 0 = p-h Av — p n b A.v co?; — \p<fb Av Ac 


( 2 . 1 ) 


As sin 0 = Ar A s cos 0 = Av 



P.y = p H 


Pz - P„ + Az 


( 2 . 3 ) 
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dp \ dp 

p -f dx dy dz dx dy dz 

dx J ' dx 
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dx d\ dz 
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V = gradient operator 


V 
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- pgdxdydz 
— PS 


2 r = f, 


pr-s^ 


+ f 
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vise 


V;? 4- pg + f visc 



p (Pa sen I s) 
J' 

3 20M0 

OOjOOO 


50.000 


t 

30.000 

, 

t 

40.000 

x 

i 

50+000 


High pressure: 

P = 3 20JJQG Pa ah* = 30,000 Pa gage 
Local ajmcspbere: 

/? = 00,000 Pa abs = 0 Pa gage = 0 ^ vacuum 


Vacuum pjcs.quic:; 

= 50,000 Pa abs = 40,000 Pa vacuum 


0 

"J* (Tension) 


Absolute zero reference: 

/> = fj Fu abn: = 00,000 Pa vacuum 


Vp = pg 


( 2 , 9 ) 


or 


Pi ~ Pi 


yd: 


J l 


(2. i 2 ) 


A tmosphc ric press are: 



Mercury 


a b c 
A B C 
d D 


d 



a b c 


A B 



Liquids: 

P 2 - Pi = -yiz? - ?i) 

or 

_ ft _ ft 

- 1 “2 

7 7 





Specific weight y 


Ai 6S 3 F - 2i 

re 

Fluid 


Vj'nr' 

Air (at 3 aim) 

0,0752 

11.8 

Fitliyl alcohol 

49.2 

7,733 

SAK 30 oil. 

55.5 

8,720 

Water 

62.4 

9,700 

Seawater 

64.0 

1 0,050 

Glycerin 

78.7 

12,360' 

Carbon tetrach lor i lie 

00,1 

3 5,570 

Mercury 

846 

1.33, 1 00 
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-4-h 

'r 

Q 

V 
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V 
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Free surfaces Z - 0. p = p Q 

1 

Water 

A' 


—h 

V x Py, + 



N 

9 1 ,000 Pa - {9790 — ?)( -60 m) = 678,400 Pei « 678 kPa 4n.v. 

in 



(2.16) 




m 


50 - 



120 


1 -) 


(Front Ref. 


P = P a 


I 


(0.00650 K/m)(5(X)0 m) 


288.16 K 

101.350(0.5328) - 54,000 Pa 


5:26 


= (10130 PaKO-8872) 


.S*ti 


Aflj. (a) 



P " Pu eX P 



(101,350 Paj exp 


{ 


(9.807 nVfl*X5000 tn) 
> 

\2S7 mV(s 1 K)](2S8,l6K>. 


= (101,350 Pa) exp (—0.5929} — 56,000 Pa 


ArtS. (h) 


Bz < 



(2,21) 


- *4) 


fh - Pi = To("2 - 2]} - yJti - " 2 ) - y<j(M - h) - y.wU s 



■7 s 
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Known pressure 




Water, p M , 


Glycerin*/^ 


Mercury, p w 


— 


p'i ~P 2 H - - * j> 

Sura = 



= ;>l + yo 


*A’i*A 


Open, P a 



'■>> (>■> “ ft 




p= p, at z = ^ in fluid 2 


Pi + Ti l-A - 2|| - 7; 1*1 - h\ - 1>2 ~ Palm 


Flow device 



p a + pi gL + Pigh ~ fc&h ~ Pigl- ~ lh 
Pu - Pb = (pi - Pl W* 


Arts:. 


Pa ~ Pa = (Pa ~ p\) + (p x - p 2 ) + (p 2 - p s ) + (/?, - p R ) 

- ”7i(zrt “ -i) ™ y 2 U i ~ - 2 ) - yz ( z 2 ~ z $) ~ 74< z ? " 
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Wr = 9790 N/m ; 


= 1 33 J 00 N/m 3 ; 


inemu ry 


>W = 8720 N/m 1 



Free surface 


P-F 


a 



Resultant 

force: 

r = l\v, A 


dA - rfx dv 


F^kin view of arhiiroiv pUnii? sLirfsice 
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fl < X 
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P dA = 


(p 0 + yh) dA = p a A + y 





r 

f = p i; A + y Siin 8 


f dA = p rl A + y sin 8 


F = PaA f yhi xA = (p,, + ylk r,)A = PrvA 





Pressure distribution 

/ 


p (x . V 


Centroid of the plane surface 


\ Arbitral}' 

"" plane surface 
of area A 


F p A 




+ yi. sin 9)dA = y sin 0 




y sin 0 



yd A - 



-y sin 0 /.. r 


v’cjf = ysinfl 



(2.27) 







x[pa + T(scg - >’) sin 0] d A 


xp dA = 



x y d A — y sin B f . 



( 2 . 28 ) 


F = yh Ci A 


/.„ sin 0 




L sin 0 

ha'A 


( 2 . 29 ) 


e 





a 


Wall 



xR' 


0_l(>976ff 

0 



F - p< Xj * = J h rii A = (64 !bf/lV}(12 ft)(50 ft 2 ) = 38,400 ibf 


Arts, fa) 


or 


/.. = 0 and /. 


hi 3 15 flKlOftV 
12 12 


4 1 7 iV 





/ x r & 

fkr,A 


(417 fflf-fe) 
(12 ft)(50 ft 2 ) 


= 0.417 ft 



PL sin 9- F(5 - /) = P(6 ft) - (38,400 ]bf)(4.?83 ft) = 0 

P - 29,300 Ibf Aw. lb) 



or 


2 F, = 0 = B, + F sin 0 - P = 5, + 38,400 Ibf (0.6) - 29,300 Ibf 

5, = 6300 Ibf 

S F. = 0 - fl. - F cos 0 = 5.- 38,400 Ibf (0.8) 

5- = 30,700 Ibf Afljr, (f) 




(10 ft)(5 ft) + 



1 0 ft)(5 fl) 


- 28,800 Ibf + 9600 Ibf * 38,400 ibf 


Ans. Ui) 



576 Ibf/tV 



JM a = (28,800 lb 0(5 ft) + (9600 lbf)(6.67 ft) = 144,000 +■ 64,000 = 208,000 ft ■ ibf 


J hen 


5 J‘[ + t = 


M 


A 


b 


208,000 ft ■ Ibf 
38,400 Ibf 


= 5.417 ft hence / = 0,417 0 


Ans. (/>) 



1 1 m 



j(6 m)(J2 tn) - 36 nr 


and 



bf } _ (6m)(]2 in)* 
36 “ 36 


288 m 1 



h{b - 
72 


(6 m)[6 ni ~ 2(6 m} f 1 2 m)‘ 

12 


12 m 4 


/' = pghrr,A = (800 kg/m ? )(9.8Q7 m/s ? )(9 ra|(36 m 2 ) 

= 154 X 10 ft (kg - m)/s J = 2.54 x |0*N = 2.54 MN Or) 


y<:p ~~ 

Xw = 


/.. sin 1 9 

h^Cj A 

! t l . sin 0 

ii^-A 


{288 »i 4 )(Mri W) 
{9 mH36 nr) 

C— 72 m 4 )(sin W) 
... ■ ■ . . 

(9 m)(36 nr ) 


-0.444 ni 


+0.1 E ! m 


Art.f. (ft) 




Curv ed surface 
projection 
venical plane 




a 




w { + w 2 + vv, ir 


(2.30) 


p a = 0 Ibf/ft 2 gage 





F a — r^cc^pfoi 



[(12 ft}(.1200 ft 2 ) = 


898.560 Ibf 


899 X 10" Ibf 



?CF. pr.>j 


}, i: sin 6 


( 1/ 12)(5Q ft)(24 ft)'* sin 90° 
(12 ftl( 1200 ft 2 ) 



/ lb A 

'2 

r 2,4 ftv 

- (24 OK 10 ft) 


(50 tt> = 499,200 Ibf * 499 X KV iot 



(Fh + Fv) m = (&99K3 lbf> 2 +■ (499.B3 Ibf) 2 ' 1 ' 2 - 1028 X 1 0" ibf 






Tfluid < volume fY)£) = y nviA 



Am. 





Pjji — f 1 ] _ ^ 





i- = 2 Fj = x PcC'Ai 


F t - A- ( ;,A l - (220 lbf/ff 3 )<8 ft)(7 ft) = 1 2,300 Ibf 
F z = PcXi Ai ** <S7(6) (7) = 26,200 Ihf 
F, = p, t ,Ai =■ 2506(4) (7) = 70,200 Ihf 

F = I F , - 108,800 Ibf Ans. (a) 




= (7 flX8 ft) 3 / 12 = 298.7 ft 4 , L = 


/,. - 7(4) Vi 2 = 37.3 ft 4 . 


(55 JO lbf/f( l X298.7 ft 4 ) 


>'(•]* 


62 .4(t26.l)> 
26300 


12,300 Ibf 


- -030 ft Vcf\ = 


= -133 ft 


. _ 0 . 45 „ 


70.200 


s Cf >. = -4 - 1 33 = -533 ft, z**. = — II — 030 - -1130 ft. 


<j\ 


2 a>, 


or 

or 


2^ - F2 C , 

12,3G0(— 5,33) + 26300{- ! i,30) + 70j200{- 16.45) - l03,80fX ( l > 


7,-i' 


1,518.000 

108,800 


= - 1 3,95 ft 


Aw. 




Surface 

] 


Surface 

2 


Fyt 2) 



Horizontal 
elemental 
urea fM// 



a 

b 


F e = F v ( 2) - f v (1) 

= (fluid weight above 2) - (fluid weight above !) 
= weight of fluid equivalent to body volume 


(2.33) 


I 


Z\)dA j{ = (yXbody volume) (2,34) 



(Pj P |) 

IkkIj 



(/■ ft)i i = 2) /^(displaced volume) 


(2.35) 


F B = {7) (displaced volume) = floating-body weight (2,36) 



Neglect the displaced air up here. 


(Displaced volume) x ( y of Ituid} ■= body weight 



0 !' 


2 F 7 - 0 = 60 + Fa - 100 
Fg - 40 Ibf = (62.4 lbf/ft 3 )(block volume, ft 1 ) 


1 00 Ibf 
0.641 ft* 


= 1 36 lbf/ft 3 


Ans. 



i 60 ibf 
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Restoring momem 
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disturbance 

angle 
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angle 
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0 b B MG c B 

M G 


v <rOtkh' 


X 

ian B 



Original 
waterline 
area 


Variable- width 
L(x) into paper 

dA = x tan d dx 


Tilted floating body 



x 


x dv H xdv 


eOftoa 


6b if 


.r dv = 0 4- 


x(LdA) - 


a (L dA) 


cOn 


OM 




■ 0 + 


x L ix tan 0 dx) - 


xL ( —x tan 0 dx) = tan 0 




Oik! 


.On 


.r dA 

waierJiiu 


w suer line 


= l 0 tan 0 


= MB - 


} 


o 


"stibnimfod 


MG + GB 


or 


MG 


i 


o 


- GB 


u 


’ lih 


( 2 . 37 ) 


GB 





^sub 



WiJ'tn 

ILbll 





An?;. (tf) 


L 2 > 3H'l2 or 2 L > 2 ASH 


Am. { b ) 




(© Corbis.) 


7p = (*,% - a) 


( 2 . 38 ) 




{ 2 . 39 } 


- mn 1 



8 + < I; 


4? 

ds 


- pG where G — [ai 4 - (g + a.) ] 


2i i n. 


( 2 . 40 ) 



Fluid 

;it ne$i 




0 — ran 



i 7,0 m/s 2 
Cdfl 9.81 m/s 3 



if — (3 cm) (tan 35.5*) = 2.14 cm < 3 cm therefore no spilling Am. (a) 


Pa — fjG A.t = (lOlO^- 1 ^ 


V(9.81 f + 17.0) 3 


[<0 07 + 0.0214) cos 35 .5°} « 906 Pa An$. (b) 




ii = kO r n = i,r 


( 2 . 41 ) 


n X (O X r 0 ) — -rff i 


r 






+ rfi 2 i r ) 




p = W**- + fiz) 


a.44) 


dv 

— = o + fte) = -7 


p const — yz 4- 



/> ~ Po 5- *F +* i/crto 2 




, r 2 n 2 

H 

2^ 


- n + bf 2 





^ = 0.03 m 


n : /?" n 2 (0.03 m) 2 
4# 4(9.81 ii Vs 2 ) 


(l 2 = 1308 or -Q = 36.2 rad/s = 345 r/min Ans. (a) 



0 - {!010 kg/ , mr , )(9,8l m/s 2 )(-0.04 ns> 
+ 1(1010 kg/m-'K0.03 m)-( 1 308 rad 2 /* 2 ) 
396 N/nr + 594 N/nr = 990 Pa 




3D in 



free surface 


= (1 SO r/min) — — — — = 18,85 rad/s 

60 s/mm 


p s — 21 16 Jht/ft- - C - 0 + 4(26,3 slugs/ft' 1 ) ft ) 2 ( 18,85 rad/s) 2 


p A = -1129 — (846 Ihf/ft 'K-fl ft) = - 1 129 + 21 15 = 986 lhf/ft 2 Am 





(is.85)^r 

2 ( 32 , 2 } 


3,83 ft = 46 in 



p A - 2116 - 846 (-§) = 4231 lhf/ft 


■“i 

* 



! 


(dijdr) n 


ffl Lh-Ji^l 


rftVj? 




r = (. | exp 




top bottom 

(© The 

American Association of Physics Teachers. Reprinted with permission from “ The Apparent 
Field of Gravity in a Rotating Fluid System ” by R. Ian Fletcher. American Journal of Physic 
vol. 4 0, pp. 959-965, July 1972.) 
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2 mm 


Omm 



Connector 


Potting 


Mounting 
damp nut 


Acceleration 
compensation 
mass and plate 

Quartz plates 



Integrated 

circuit 

amplifier 


Seal ring 

Preload sleeve 
Elecmodes 

Housing 0,218 in dia 


Diaphragm 
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ft 


1 2 cm 



Water 


S cm 



1 .5 m 


v 


Water 


V 


Gasoline 




I m 


Liquid, SC? = 1.60 


t) 



I? Ibf/itr abs 

Air 2 ft 

V 

Oil 

V 

Water 2 ft 




C 


T 




V 


SAE 30 oil 


Water 


fluid A" 


m 


Mercury 0.5 m 


T 


I 0 fill 
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/ 




10 cm 


10 cm 




K 


Vent 


30 cm 



V 

Air 


Gasoline 


Sfi = O.ftS 


Water 


ft? 


2 cm 





S cm 



81 




] 0 cam 
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RK 
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Top of glass 



Bottom of u \ ass 



Origin al bottom of glass 


{ .’ard 


Original top of glass ' 


Kerosene 
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- -D- 


D 



(b) 
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SiAfc 30 oil 

Water 




H 








R-eseivoir 




L-fi 


sn 





wale r 


Mercury 
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Mercury 






V 


Mercury 


Lilian 



40 cm 


I 



9 cm 


— L 

,r 

5 cm 


6 cm 


1 



-*■ 


] 2 cm 


50 cm 


* 



Pump 



T 

] 5 cm 


32 can 


t J _ 


Mercury 
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A 


4 11 j 
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P * V 
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ft. 




B 


4 n 
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3 m 
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"T 
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40 cm 


I 


V 

L 
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v 


Water 


h 


m 
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SO ilk 
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C 
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m 
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JL 




Wafer at 20° C 



Air al 
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gage 
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1.025 



Oil, 

SG = 0.8 
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2 m 
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~T 

30 cm 


50 Cm 



V 


4 
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60 cm 
j| 40 cm 






Water 






c 






,4 




r3cin 




7 


h 
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Water 





A 


B 



D -9 cm- 



Water 



5lbf 


V 


Water 



4 in x 4 in 




Lhh 


U3 


tt(SC: - l) 


Width b « L 



V 


Water 

V 
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at 

b 


Mercury; SO = 13.56 



K- - S m 

! I 


Air — 0 kPa gage 



70 c m 



Air pressure? 
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Fluid X 
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-S 




V 

•Af? 


*6' 


* 
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5 - l .0 






K 

L 


L.--2 


28 cm 


A 


100 cm 


M 


a, 



t 

15 cm 
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B 


V 
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] atm 
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10 CITS 
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20 cm 




t 

5 cm 

T 
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_L 

+ 
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I 


+ 


8 cm 


f 




Water 
SG = 1 


Mercury ■- 
SG = 13.% 


To pressure measurement location 




n ■= 6.QQ nmi 


7.00 cm 




P , , , 

— dp = tr up 

P 


or p : = p 0 + u 2 (p - p h ) 



Venice lagoon — 24 m deep 


Fi ] led w i th w 1 1 tor no storm 



Storm levee filled 
with air to float 


Adriatic Sea — 25 
deep in a storm 


Hi age 


6.00 

400 

7.25 

554 

6.25 

437 

7.50 

573 

6.50 

471 

7.75 

589 

6.75 

502 

8.00 

600 

7.00 

530 






W'cp water 



Shallow waiicr 



(Courtesy of Paul Silverman/Fundamental Photographs.) 


dm 
~dt ~ 



nm — m 









6 - W = 



or 


( 3 . 5 ) 


( 3 . 6 ) 





p(V - n) dA = 


r 

f>K dA 

"i 


£ 


Control 

surface 

_/___ 




Coniro] 



muriate 



(’OnlroJ 

surface 




a 



ii. [ rail outward 
norma! to dA 


Arbitrary 
fixed 
com rot 
surface 


<IY \ n ~ V m An <» s <*1 

= -V * ii dA dt 


dv*. = 


^■.ttii ct>!i ftmi ^ 

V * it <M 


System at 
time i 1 -i- di 


Syy-tein al 
rime j 


ii, Unit outward. 

normal to dA 


B (V = 


ft dm = 


<~v 


$pdr ft = 


( v 


dB 

dm 


(3.8) 


A change within the control volume — I 

at 


d f 


ft pJV 


a:v 


Out How of ft front the control volume 


ftpV cos G dA, 


o\n 


(3.9) 


Jcs 


ftpV cos 9 dA m 


!.'S 


Inflow of ft to the control volume 




+ 


ffpv cos 9 - 


cs 


jjpY cos 0 dA 


Ml 


['lux terms = 

i“ 

ftfiVn — 

-h 

m’, dA in = 

jH 

P - 

r 

Pf/mjn ( 3 . 10 c) 

- 

CS J 

cs 

CS 

cs 


Flux terms 


/3p(V ■ n) dA 



( 3 . 11 ) 





r 


£ 

dt 


cv 




ov 


7 05^) 

0 / 


r 



£ 

dt 




pp dr + 


■ c \ 



n ) dA 



r 


r 



lip dr + 


i 


}3p( V r - n :« dA 





dr 


(Bsysi) = 


rv 


- <£p) d¥ 4 

cyf 


- n) <M 


CIS 


r 



System and 
CV at time i 


JY w = i\ r r *n)dAdi 


d% n = ~( V r - n \ dA di 


( V at Lime 2 + di 


System at 
time f -s-r/f 



where m, - pAY. (3.1 8) 



0 dm I + 


J ('V 


2 $ w, 

ULII t £tS 



2 to 

i i i I L i 




+■ f h(pAV ) 2 + fctpAVfe + &(pAVh 


- - j0 4 (fiAVjt 


(3.19) 


Section 2: 

unifom VS h A -■ , r JS21 eic. 




All sections i: 
^approximately 
normal to area A, 








Section 

type 

p- Itg/m* 

V r , m/s 

,4 t m 3 

e, J/Jtg 

! 

Inlet 

800 

5.0 

2.0 

300 

2 

Inlet 

800 

8.0 

3.0 

100 

3 

Outlet 

800 

17.0 

2.0 

150 




■ f ipi A] l' | iPojpoA ^ V 2 "l" "ip : ; A ,v ^ 



-(300 J/kgX800 kg/m^2 m 2 X5 m/s) - 100(800X3X8) + 150(800X2X17) 


/ KVhl 


= (-2,400,000 - 1,920,000 + 4,080,000) J/s 
= -240,000 J/s =■ -0.24 MJ/s 


A ns. 



(H.\' * 11) d A — -pjvIjV'] -- p^A-iV^i + PiAtY-s 

h:a 

= —<800 kg/m : ')(2 m 3 }(5 tn/s) - 800(3X8) + 800<I7)<2) 
- ( -8000 - 19,200 + 27,200) kg/s = 0 kg/s 



E 


1 



CS expands outward 
with balloon radius R(t) 






HYTvl 









p d L Y + 


c.v 


piy, ■ n) dA 



p(V - n) dA — 0 




'Z(p,AVX i = Q 


r 

p( V s n ) dA — 0 



ZifaWt ) » = 


2 (pf^/^f)oul 

i 


Out How = inflow 


pyA 2 t ' 2 + pyliV i + pyljly — p| J 'l|l / | + pjAji 4 


rit 2 + tii< + ti h — til i + wYj 


2) (»*rX« 88 2 <4 



( 3 . 28 ) 


= ! ft V - n) <M 

-'l‘S 


or 



+ 


(A\ ■ n}dA = 0 = 


o 


p( V - n ) e£4 = 


(V ■ n)tM = 0 


L 



{V ■ n ) dA 


cs 



or 



( 3 , 30 ) 



(V ■ n) (JA 


A'S 





£, = A t V\ = }ir(ii frj-(3 ft/s) = 0.016 ft Vs 
Q: = A 2 V’ 2 = J-ttC-jV ft) 2 (2 ft/s) = 0.058 ftVs- 


dh 

dt 


(0.016 t- 0.098) ft 7s 
2 ft 1 


= 0.057 ft/s 


Ans. {h) 






ltp(Xy * II ) dA 


vs 




r 

Vp(V ■ n) dA (3.38) 




yfaPM = W,Vy 


VI 






r 



- n) 



.1* 


p^-njdW = -p a 


n dA = 0 



r 


r 



{ P - P )("ti) dA 

H 

cs 



p ( 






IW = 


/> 









a 


b 


{p — />,, )n cM . 





40 1 bf/ln - iibs 


k'l c\\l pressure isamosphcnc 

25 IMFlfi 3 


ihffixr 


Mfl\Y gMC 


© 

15 tbffiir ahs 


F 


\.t%M ■>; 


Pta& .l ('’»>! A I 




= 1 77* ]bf 


Ansi 






R x = -wijtfj = 
















a 

b 


ft K = —(1000 kg/m 3 X0.0003 nr)(5 m/s) 2 = —7,5 (kg ' m)/s 2 = —7.5 N Arm, 


F . — R — rtf 1 1 /| + til ^ — t>l v t 
Check directions again: «i — V u v> - - V 2 , v, — 0. Thus 

R = m ,(!/,) + - i -i (6) 



A 




i 




aa ae 

I-" w 

pre 


lW - ^A 2 (* E />) = - V,) 

/w — pAj/jV'j 





Vhwc of wjtllts b 




2 ^ ~-o~ P 


«(0, y)( V * n ) ilA + p 


u(L r y) (V * n ) dA 


P 


UiJ-Uuihih + ft 


-o 


-s 


«(/,, y); +«(/-„ y)h dy 


o 



f 5 


D - pul bk - pb 

w ~tly | x=£ . 

(!) 

T 

0 




r 

- h 

“iS- 

P 

(V * rt) dA = 0 = p 

i-U n )btty + // 

f/v I ' 

. 

cs - 1 

o ^ 

0 




L 






Arts. (3) 



f up(\ * n) dA = mV = pAV~ 


or 


j ff 


p I ifdA = 0 m \ r = fipA\% 



(3.43d) 


Laminar )low; 


rurbulem Row; 



(l 4- })iY(2 4- H|)" 
2(1 + 2 m 2 + 2 ti{) 


(3.43^) 


(3.43r) 


I'urljiiknt (tow: 


nt 

L 

». 

1 

r. 

1 

T 

1 

K 

i 

9 

a 

1.037 

1,027 

1 ,020 

3.016 

1.013 


2F= m<j3,V, - JS,V,) 


(3.43rf> 



Panicle 


dr 

dt 



Noni a mi sal * inov i n£. 


rotating coordinates 


Inertia] 

coordinates 



+ »ttil 


( 3 . 44 ) 



( 3 . 45 ) 


S = r + R 



= V + 




+ fl x r 


dt 


( 3 . 47 ) 



d£l 

HF 


x r + 2il x V + n x (1> x r> 





■ rv 



. r - 


rv 



V>( V r - n) dA 


cs 



where 




Vp( V - n ) iJA 


rs 






+ (riiw) t . 





= 0 +■ m( — V^.) 


with m = m(f) — jW<> - ml 


f / 




- nit 






L) 


or 




i Vit) 





Pi Pi 

p 






:,) - 0 

= const 


Ambient 

air 




[ 

I 

I 

Valid 


Valid. 

I'MiW 

constant 




invalid 

(d 


Valid > new 
constant 



+ 


1 2 

2 pV ' 


P 2 + - y f>^2 



consume 



Arbitrary datum = 0) 




Hi L 


J. 


h = Z\ - 24 


Open i<?t 


Pi -Pa 








Ann. (a) 



V z = Vl0M m/s')_0,6 m - (-0.25) mj - 4,08 m/s 

Q ~ = ( 4.08 m/s)( 77/4) ( 0.01 m) ' = 321 E - 6m ? /s = 321 cm Vs Ana. ()>) 


3 






2 Af> 


P 


- P\ ~ Pi 




2 bp 


pi i - P) 


i/: 




pA'A'Z — ^2 


( 4 ) 






^ M, - T A + r f X < i n-| ) + i*j X { PzAntij) 
— (f 2 X V;X+f» QU t) + (r, x VjK-XiJ 



T a + fVMi — p^Ajhj ~ Mh-\' 2 ~ 




T a = Ihl.PiAi + mV 2 ) ~ lh(P\A i + mV,) Ans. (a) {3) 







£>, = D 7 - 3 in = 0.25 ft 



= 14,400 




h 


l 







slug 

ft 7 



m - pA}\ = [ 1. \ 0.0491 ft 2 / 40 - j - 3.81 — : 


T a = 


!D 

12 


ft 



1 1,520^)0.0491 ft 2 ) + (3.81 ^Y40* 


12 


ft 



Ihf 




14,400^2^(0,0491 rr) + ^3.81 s v 


^ Y 40 4' 


s 


— 398 ft ■ Ihf 143 ft ■ Ihf — 4.‘>3 ft r Ihf counterclockwise 


Arts, (bj 




Blade 


RUte 


Width b 





X = T„ = (r a x V 2 )flj )lul - (r, X V r )n , j' iI1 


( 1 ) 


^ “ pQ^'^'ri r|V,jjA clockwise 


A ns (a) (2c?) 


T tt = - r\) 


clockwise 


(2b) 




Q 

2 mjb 



2.5 m Vs 


2ir(0.2 m)(0, 15 m) 

2.5 


= 15.3 m/s 


2 Trf 0.5)10. 15) 


— 5.3 m/s 


l'„ - air t = (62.8 rai1/s)(0.2 in) = 12.6 m/s. 
V a - mr j - 62.8(0,5) = 31.4 m/s 


T 0 = ( 1000 kg/m)(2.5 mVs)[(0,5 m)(3I,4 m/s) - (0,2 in K 1 2.6 m/s)’ 
- 33,000 (kg * m 3 )/s 2 - 33,000 N * m 


A/ts. 


P = <uT„ - (62.8 rad/sX 33,000 N - m) - 2,070,000 (N * m)/s 
= 2.07 MW (2780 hp) 







Absolute outlet 
velocity 





k 


= -7\k = (r, x V 2 )«w - Cr, x Vx)w ta 



!’j X Vvj - /? j x (V 0 - Rut) i = (R-ii) - RV, t )k 
«’l x V|= 0,j X V 0 k = o 





iOOfrYs 





40 ft Vs 
1.0 ft- 



s 



50 ft : 7s 
0.25 ft 3 



Pi (20 x 144) M/it 1 ^ slug 

RT i [1716 ft-lbf/( H!ug°R)] (70 + 460) n R] * ' ft 5 



(30 X 144) 
(1716)000 + 460) 


0.00150 


slug 

IF 



m 


m 2 + tfii. or P\Q] = P2Q2 + P:-Q? 


( 1 ) 


(0.00317 


slug 

~F 


100 


ft’ 


s 


= 0.00450(40) + jyj(5G) solve for p$ — 0,00274 . 


;> s = f nfiTx = ( 0.00274 ^ 




It 



1 7 ] C 


ft-lbf 
slug Ei> 


!(2(X> + WR) = 3 IDO 


Ihf 

fr 



Am\ 


W v --■ 0 


W x = (— 150hp)^550 ^-^ j = -32,500- ~ 

\ ■ * 


(work on (he system) 




"0 


= (0.003 1 7)( 1 00) - 0.317 — 

s 



P 2 Q 1 = 0.180 




slug 

s 


Enthalpy flux — + rh 2 T : + 

= (6003)f(-0.3l7)(530) + (0.180X560) + (0,137X660)] 
- — 1 ,009,000 + 605.000 + 543,000 « +1 39,000 ft-M/s 

Kinetic energy flux = + wjVj + rit$V$)r 

- 4[-0.317(250) 3 + (0.180X40) 2 + (0.137X200) 2 ] 
= -9900 + 140 + 2740 « —7000 ft-lbf/s 


Potential energy flux = g(— miJi + fh±-2 + flfjJ-s) 

- (32,2); -0,317(1.0) + 0.180(4,0) + 0. 137(1,5)] 
= - 10 + 23 + 7 ~ + 20 ft-lbf/s 



Q - <- 82 , 500 ) = 139,000 - 7,000 + 20 



+ 49,520 


ft-lbf 


] Btu 


s 


778.2 ft-lbf 


Btu 

= + 64 

s 


,4m', 


or 



Q - W s - W v = -Ph$i + kv\ + gzi) + rk$ z +M + gz 2 ) ( 3 . 69 ) 


+ \y\ + = $2 + \ v \ + frz) - q + W s + w„ 


q = Qhh = dQfdnt 



= {* + {V 2 + gz) 


P\ 

y 



Z-2 ~ foq /lx + /< fJ 








+ 


1/2 

y 2 

2g 


-I- z> 







+ ft 


Lnan.w 



EMIDlfi 


+ k 


liirf^sL^ 



Q _ Q _ (75 n> Vh)/t 3600 s/h> _ m 
A (ir/4)D 2 (it/4)(Q. 1 2 m ) 3 ' s 


Velocity head = 



( 1 .84 m/s) 2 
2(9.81 m/s 2 ) “ 


0.173 m 




+ z om + hf 


Pa . + 

y 


In 


2* 


+ ^Ja = 


Ami . ^ 


+ 


fZ 

iMir 


y 


2g 


(24^101,350 N/m 1 ) , _ rt t01350N/nr , _ , , , 

+ 0. 1 73 m + 0 m = r — ^ 0. i 73 m + 1 nO m + it 


6670 N/tn 


6670 N/m 


or 


h ; ~ 364.7 - 15.2 - 150“ 199 m 


Am 



1 99 m 
0.173 m 


1 1 50 


Arts. 


r 


a 







Pi 

fU\ 



150 ( 144 ) 
1716(460 + 300 ) 


0.0 166 slug/ft 1 


40(144) 

1716(460 4 - 35 ) 


0.00679 siug/fT 1 





17/6 


4 V 12 


( 100) — 0.325 slog/s 


tii — 0.325 — ihAA ; -, 

P — L. -Li 


= ( 0 . 00679 ) ™ 

4 



V 2 - 244 ft/s 


Ans. 


Q - W, - m(cj 2 + M 



Q ~ 700(550) = €.32S[6003(495) 4 )(244) 2 ■ ■ 6003(760) - |( 1 OO} 2 j 

- —510,000 ft - lbf/s 

c> - —125,000 ft - lbf/s 


Q = (-125,000 ft ■ lbf/s) 


3600 s/h 
778,2 ft ■ Ibl/Btu 


- -578.000 Blu/h 


Ans, (hi 



where 


Ci V*)p( V * n ) dA = 

L poct 



for incompressible flow 


or 




Laminar How: 



from which V av = Oi 5U$ 

and 


o' = 2.0 




rurbulent flow: 


u - (/<, 
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( I 4 wX 2 4 m) 
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2 ( 9 . 81 ) y 2 t 9 _ 8 ] m/s 2 ) 
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= + — ¥ Zy ~ kp + kf t 
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62.4 Ibf/fi’ 
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s 550 ft-lhfAs-hp) 
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Basic physical laws: volume flow 

P3.1-P3.5 
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3.3 

Conservation of mass 

FU0-P3.38 
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The linear momentum equation 

P3.39-F3.l09 

3.5 

The Bernoulli equation 

P3.IIO-P3.J4S 

3.6 

The angular momentum theorem 

P3.149-P3.164 

3:7 

The energy equation 

F3.165-R3.185 
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\ fl.V 
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fl fl fl _ r ^ _ . fl . fl fl 

dx fly fl? dx fly fl? 






dp dp _ 

4- w— = — + (V * V)n 
tiz (it 


(4.3) 




av , Bit . dw „ 0 „ 3 . 

— = i— + j — + k— = 3— (30 + i-ixz) + ¥±-ltr) = 3i + Oj + v 2 k 
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u 


H-' 


r#V 

d* 

By 
rJ V 

3z 


an — cm + .«j + fjrk) = arm + ;j + ok) = m j 

4,3; 

3 > 

(xzl — £3ri + m + /v'kj = (,rz}(0i + Oj + 2tvk) = 2 rxyz k 

By 

4 

(?v"> — an + jvzj + fv"k) = (nr)(0i + jcj + Ok) — /ivy" j 
dz 


d\ 3V 4V 3V 3 V „ fc >, 

— = — +■ n 1- v — + w — = (3i +■ irk) +■ 3tzi 4- Irxyzk +■ m- j 

(it lit w By rJz 
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( 3 . 22 ) 



8n 

* — f /.v dy dz 
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Face 

Inlet mass flow 

Outlet mass flow 

X 

pw dy dz 

pu + — (pw) dx 

n.V 

dy dz 

V 

pi r dx dz 

A . " 

pv + — (pl'JfT) 1 
flv 

d.x dz 

rr 

jL 

pw dx dy 

pW + — (pw) dz 
dz 

d.v dy 


So d d d 

— dx dy dz + — ■ (pu) dx dy dz + — (pv) dx dy dz H {pw) dx dy dz = 0 

dl ' dX ' By u dz 


ftp B <f) f) 

— + — (pu) + — ipu) + V = 0 

01 dv dV 07 







rJ fr fr 

T - (/»m) + — ' (pt‘) + 7- (pw) = V - (pV) (4,5) 

a\ dj 


^ + V * (pV) = 0 


( 4 . 6 ) 




iypical |K>inl (r.O- z‘> 


Typical 

infinitesimal 

element 


r do 


r - Cv‘ + y) 


I n 


0 - tan 1 - 

JC 


( 4 . 7 ) 


„ Id Id Cl 

V * A - — — (M..) + - — (Ay) + — (AA 
r or r 06 < \z 


dp 1 a 15 d 

1 — — (rpv,) + ■ — 7 (pu„) H (pv.) — 0 

di r dr v 89 ' dz 



Cartesian: 


Cylindrical; 


(} d d 

— (pn) + — (pdi) + “ (pw ) = 0 

fljc ffv t?; 

■ 


1 <> 1 3 it 

- — ( rpa, ) + - — (pity) + — (pu-) = 0 (4iI0> 

r Hr r nd dz 



V ■ V = 0 

(4. 1 1) 


fill fiV i)W 


Cartesian: 

— + — + — = 0 

dx dy dz 

(4.12 a) 

Cylindrical: 

1 d 1 d d 

— ( ru, ) H ( Uy) H (u ) - 0 

r Hr r H0 Hz ' 

(4.12 fr) 
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" (pw) 
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(4,15) 



(4.16) 


V' 2 

—* — Ma 3 ^ 1 
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(4.18) 



or 


ri 3 0 

— (d,Jf 4- /> L V + Cj2) + — (u 2 X + h-A + C 2 i") + — {<J*V + KV + tV) - 0 
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£?„, = VkRT = Vl.4l[4l24m i /(s 2 - K)]£&& K) == : 1294 m/s 


^ Q3n 
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■p 
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(ip d d d 
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dx 
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(4,28) 
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Gravity force per unit volume + pressure force per unit volume 
I viscous force per unit volume = density x acceleration 




( 4 . 37 ) 
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dp f dv flv\ , 1 
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Q = V - (j k\T)dx dy dz 


( 4 , 45 ) 
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where »>, = — (ht, , 4 - ut,.. + vtT, : ) ( 4 , 46 ) 
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or 


u = only 



or 


P 


flit dlt 

U — + V— 

dx By 


dp f d 2 u 

— + Pfc + p| TT + 
OX \ <Kx 


pCO + 0) — 0 +■ 0 + pL\ 0 + 


</V 

dr 




Air = +h: 
Ai v = -hi 

m 

or 


i/ V 

h = — v + - —h s v ^ +ft (4.131) 

7 h " 7 


H = V = C|/i + c 2 
w = 0 = Ci(~A) 4- C 


C, = 


2/i 


and 


Ci-I 



(4.130) 


ftr 


{4. 1 32} 


or 


p = p(x) only 



Lind 



<:fu dp 

p — 7 = — = const < 0 
* dy 1 dx 


(4. 1 33) 


"1 


i dp f „ 

h — ■ — -r — + Civ + C i 
JLt <i* 2 


At y — ±h: if = 0 or 



and 



dp k 1 
dx 2p 



(4. 1 34) 


u 


iii.L-; 


dp fi 
dx 2 jn 


(4. i 35) 






V 



Aits, (b) 



dll 



^*thhx 



V 


& = (curt V) . 


fl.v 3) 1 


fcj 





ii: -I vi 





max 


h 


3 



4 

- u m , a Ji per unit width 
... 


- -(u.) = 0 qt v. = u.(r) only 
oz 





r ib\ dr) 



(4. 1 3b) 


H d 
r dr 



dp 

— = const < 0 

dz 



dp r 
dz 4/x 


+ t’j ln(f) H ~ Cj 


dp R 

No slip ut r — R: u. = 0 — — - + C i ln(/f) + (.’2 

dz 4p 

Finite velocity yt r = 0: v. = finite = 0 + C, ln(0) + C> 



(4.137) 


max (1) 


±)!t 

dz ) 4-p. 


1 

A 




v.dA — 


rrR 


V, 


ITl^K 1 


dA = 


rR 


0 


VnJ i ~t hnrdr = 77*' V' = 


R 


V 

^ t y max 

2tjt dr — — 


dp\lf 

dz/SfX 


max 


0 


Ry 


HVJJ 


ttR 


4 


dp 


it 


ttR 4 Ap 

ITT 


J wall 


/X 


civ . 

k* 

dr 


4mv-;, 




dp \ fi A p 


r'-H 


R 


dz 


2 L 


<4. ] 3B) 




Am. fa) 



(Li/3600) m-Vs nw> m 
— - — — — = 0.973— 

ir(0.01 m)^ ft 



(870 k^n 0(0.97 3 m/s)t0,<)2 m) 
0.L04 kg/(m-ft) 



Am, (h) 


LI m' irtfLGL n\f&p 

3600 T = 8/i L = 8(0.104 k£/(m-s>Kl2m) 


solve for i/; 


97J00 Pa Am, 


Power = 


i = 


' m*h WlOO N/m’j = 29.7—- = 29.7 W Ans. fd) 


3600 






I 3 1 dV(, I d 

(tv r ) + - — - 0 •= - — (fu,) of rv, = const 

r dr r tiQ r dr 


(K V * V)u ff 


r 


r m 




l d f c / \ 

r t/r\ dr ) 



( 4 . 139 ) 


Outer* at r = r 0 : 



C.r + 



Inner, at r — r, : 



= 0 = C,r fl + 





;■ 

r 


Rotating inner cylinder: 



(4.140) 



r ;■(}-, ~ riftl? 


V 


1 


~ 1700 


(4,141) 




a b 

Courtesy of Cambridge University 
Press — E.L. Koschmieder, “ Turbulent Taylor Vortex Flow , ” Journal of Fluid Mechanics , vol. 
93.pt. 3, 1979, pp. 515-527. 



Problem Dfciri button 


Section 

Topic 

Problems 

4.1 

The acceleration of a fluid 

P44-P4.8 

4.2 

The cOndnuily equation 

P4.9-P4.25 

4.3 

Linear momentum: V avier- Stokes 

P4.26-P4.38 

4,4 

Angular momentum: couple srres.se s 

P4.39 

4.5 

The differential energy equation 

P4.4Q-P4.4l 

4. Ci 

Boundary conditions 

P4.42-P4.46 

4.7 

Si ream function 

P4.47-P4.55 

4.8 and 4.9 

Velocity potential, vocticUy 

P4.5b-P4.67 

4.7 and 4,9 

S fieam function and velocity potential 

P4.Cj8-P4.7S 

4.10 

Incompressible viscous flows 

P4.79-P4.96 

4.10 

Slip flows 

P4.97~P4.98 


1,1 0 I4 : ** 0 







v ™ -t/oT 

i J 






V - -uJ 



V = ,n = V 


>o 


H - 






I 



A' = L 


i a 


i a 


i a 


- — (r>) + — — r — (v tf sin G) + — ; 
r dr r sin 0 d0 r sin y 


( tW 



- constant 






U ** 



for v ^ 


where S = Cx m v C = const 


Layer thickness d(x) 



V - constant 


«<je, r) 


— r 



p( 0 


jc = 0 x = L (r j 



v,. = K cos 0 1 



% 


- -K* -in#( ! + - 



dt 


ds 






V 



Stagnation 



v 


8 = /r/4 




Drain 







V 

L' 





X 




v = 0 


ir = 14' = (I 


U 


~ y) 



ft ■> ft 

— (rv r $ind) + — irVf, sin 6) — 0 
ftr ft# 






dd> I cMf> 

Sr 4,1 ?■ HB 


V 


^alisi 


Z = 0 





K cos & 


K = const 



and 


y> = 1.9552 nr/s 


2.02INS 


v = 1 , 1 m 

r 


vi 




1.0 m 


1 .7308 irr/s 


X = t .5 Et) 


1.7978 


A 1 — J .6 ttl 



p - 4 + 8338 rcrfc 


5.06111 


v = 1 , 1 m 

r 





where 8 and R are constants 


5. 1 236 


1 .6 [ii 


Plate 


Oil film 


f 


Air 



x 


v e (r, f>, n 




u 



yh) + 




V 







V 


^ 2 ' ^2 



Kixed 









F = f(L. V, p. i u.) 


( 5 . 1 ) 



( 5 , 2 ) 






( Courtesy of U.S. Navy); b 


a 


(data from Refs. 25 and 26) 



If Re,„ = Re p 


then 





Water (prototype): 
Glycerin (model): 


/a,, — U,0€l kg/(m-s) 
)j, m ~ 1.5 kg/(m-s) 


p., = 998 kg/m ' 
p„, — 1263 kg/m* 


R«™ = 




1 V,'/ 


{ 1 263 k;g /nv )(0-3 in/s)l0- 1 m) _ _ (998 kg/m^M 1 m) 

w 5 1 3 


Mwt 


1-5 t.g/|m-s) 


7- 


0.00] kg/(m-s) 


Solve for V — 0.0253 m/s - 2.? 3 cm/s 


. 


c,,„ - 


rfr 


1.3 N 


o V 2 L 2 


(1263 kg/nr )(0.3 m/s) 2 (0. L in) 




= 1.14 



(998 kg/m 3 X0.0253 m/s) 2 (0.001 in) 


/lui', 


Solve foe F f , - 7.3E-7N 


( 5 . 5 ) 


S = S Q + Vrt + \gf 


— H — V 2 + t;r = con si (5.6) 

P 2 


I — 20 


= igrt 


or 




( 5 . 7 ) 



Jr dt = S V dV = {V 2 


S dt — Hot + jV, x + figf 11 


dS 

dt 


V 0 + # 



{st = is 0 j m m {/i = tr} \v 0 } *=■ {lt -1 } {*i = i/j- 2 i 


Option 1: 






S* = 1 + /* + —at*~ 

9 



(5 JO) 


Option 2: 



„ 1 , 

.L j_ 

9 


flf 



(5J2) 


Option 3: 


C*** — 

So 




S*** = | + j 8/*** + - 






(5,14) 


(S = i/VS 




OE23 


tfit/s [| 

(t> 


~ fcnO', a) 


( 5 . 15 ) 



m^m/Tf(L) c = M°L iy T u only if a = 0. h 


Re = 


(5.16) 




[ 49 
n 







25,000 


(5,18) 


100 - R 


s = 


0.0147D, 


140 


! 30 + API 


3.74 _ 172 

— — = 0.26/ jT 

D t U 


(5.20) 


V\ =ftv 2 , 1*3* tr 4j l/ 5 ) 


n, - (^WWv, - 


U 7 — ( tN)“( 1*5 


mW> 



{MLW\ or [Fim\. 


Quantile 

Sa mtiol 

MLTB 

Ftm 

Length 

L 

L 

L 

Area 

A 

1 } 

iJ 

Vbl unic 

V 

1} 

L' 

Vclocisy 

V 

u L 

LT 1 

Ac iteration 

dVldi 

LT 2 

IT 2 

Speed of sound 

it 

LT 1 

LT ' 

Volume flow 

Q 

i-j 1 

!-T~ ' 

Miitts llou 

m 

\n ' 

FtL 1 

Pressure, stress 

P, i7. T 

ML 't 2 

FL 2 

Strain rate 

€ 

T 1 

T 1 

Angle 

f) 

None 

None 

Angular vdociiv 

a*. £1 

7-' 

T ' 



F — /(/., h\ p, p.) there are five variables, (n — 5) 


F 

L 

u 

P 

P 

{ MLT 2 ] 

[L\ 

{ LT ] ) 

\ ML ’| 

{ML~ l T 3 ) 


II j = L‘ , U i ’p <r F= (LfiLT 'fiML -f{ MU" 2 ) = 


Equate exponents: 


Length: 

Mass: 

Time: 


a +■ /:? ~ 3c ■+■ 1 — 0 
c + 1 = 0 

-A -2 = 0 








An.w 


ll 2 = a , U t ’p r fjL 1 = L'UJ l f(ML ■ f(ML T ') 1 = M 


Equate exponents: 


Length; 


a + h — + 1=0 


c ~ 1 = 0 


Time; 


+ 1=0 


from which we hnd 



Arts. 



An.w 




r 

Q 

D 

n 

P 


\ FLT? ' j 

[ iJT 't 

{L| 

\T '} 

I rr-t. 4 [ 

{FTL : ?\ 




only if a = 0, b = Q, c = 0 


11, = Sl“p h D c P = (r'y\FT^L TiLY{FLT J ) - F U L U T 


L \<t, r . -r2t 4 ,!> 


rOrilrO 


Equate exponents: 


Force: b +1-0 

Length: —4b + c + 1 = 0 

lime; ~a +2 !> —1=0 


n, = o V 'd s p 





n 3 = a~ l P °p } q = 



p 

pil-VJ 5 



_0 

liO" ' plliJV 




four variables (n — 4) 


Q 

R 

fJr 

dp/dx 

{l 3 t ’) 

m 

{ML 'T '] 

{ML 2 T 




] f(Mir 2 T 2 y\i}r l ) 



i. 


Equate exponents; 

Mass; h + r — 0 

length; a - h — 2c + 3 = 0 

Time; —ft — 2c - 1=0 


i>r 



1] 0i_ 

1 RHdp/di) 


const 


Ally 



— 

3 


6 

r 

L 

/ 

E 

in 

{MIT '*} 

f/ 1 

ia 4 ] 

iML ] T 2 | 





p i \ 
EL 1 ' L 4 ) 


Arts. ( I) 




(const) 


r l j 

EL? I 



(OOl M ) 


Pt? 

t'i 



I 

4 



F 

\MLT~ 2 } 


= fcn(X, V, p, pi 

(L| {Z.7"” J j {ML'-) 


— fen 
P 


( /- 4 7 ’ — 2 ) 


V, 

{L} \LT- l \ 


(ML -3 ) 


P- 


{z. 2 r~ L | 


(5.1a) 


4- = fcn( L yf 
pv \ 

U?\ { L] {LT l } 




^ A 

{/-} {I ) 




8 = f{!\ U /, E) 

I MLT 2 ) \L) \t\ {ML 'T ? \ 




(1) {1} {L} (!) 




M u , : - fcn(f7, a, t\ p, a , 

{MiVr 1 } {li (i) iL/rj iwl' 1 ] |L/n m 






Cm — fcn{cr, Ma, £) 




Continuity: 


V * V = 0 


(5,21a) 


Navier-Stokes: 



= PK ” Yp + P* 2 \ 


(5*2 1 W 


Fixed solid surface: 


inlei or outlet: 


V = o 

Known V, 



Free surface, z = r;: w = -p- p = />, 

ill 


+ r; ') 




X 


L 







P + PS- 

pU 2 


(ht fl(Uu*) U flu* 
flx ~ fl(U*) ~ /. dx* 


Coniinuirv: 

j - 


V* . v* = 0 


(5.24u) 


MoiiK-ntuin: 


£V* 

f/r* 


V r />* +■ 



(5.24ft) 


I ixed solid surface: 
Inlet or outlet: 

I • rt’v surface, z H = rf*: 


V* = 0 
Known V*. 



(5.25) 


pUL 

Reynolds number Re = 






Euler number (.pressure coefficient.) Eu = — - 

pU 


u 2 

Froudc number Fr - — 

gL 


Weber number We = 



U 

Mych number Mil = ■ — 


if 


Specific-heat ratio k. 



d>L 

Stroma number St = — 


U 




Qualitative ratio 


Parameter 

Definition 

of tffects 

Importance 


Reynolds number 

Re 

pVL 

1 nertia 

Almost alwav s 

JF 

P 

Viscosity 

Mach number 

Ma 

U 

1 1 

Flow speed 

Sound speed 

Compressible flow 

Froude number 

hr - 

a 1 

Inertia 

Free- surface flow 

~ & 

Ciravilv 

Weber i turn her 

We 

pU'L 

Inertia 

Fr$c*siirtace flow 

Y 

Surface tension 

Rossby number 

Ro 

u 

Flow velocity 

Geophysical flows 

^ tftrth f- 

Corioli* effect 

Cavitation number 
(Eylcr number) 

Ca 

P ~ Pi, 

pif- 

Pressure 

Inertia 

Cavitation 

Prmidsl number 

Pr 

k 

Dissipation 

Conduction 

Hear convection 

Eckert number 

Ee 

_ u 1 

Kinetic energy 
Enthalpy 

Dissipation 


Specifie-lieat r^iLio 

Srroubal number 
Roughness ratio 

GFHhhof iLum^i 

Rayleigh number 
Temperature ratio 

Pressure coefficient 

i.ifi cocfliciem 
Drug coefficient 
! L'ici i on f:*rior 

Skin friction coefliciein 


* - & 


Enthalpy 


Si = 

f 

/. 

Cir - 

Ra = 


W. 

U 


'■gi'Y 


M" 

filTgLYr 




Internal energy 

Oscillation 

Mean speed 
Wall lougline^ 

Body length 

Buoyancy 

Viscosity 

Buoyancy 

Viscosity 


T. 


Wall temperature 

T« 


Stream temperature 

c 

l> Pr, 

Static pressure 

w- 

Dynamic pressute 


L 

Lift force 

t - L 

kpL^A 

Dynamic force 

Q> 

n 

Dog force 


Dynamic force 


/"TT* 


h 


iv-n& <ud) 


£-, = 


^aU 


pV 2 H 


Friction head 
Velocity head 

Wall .shear stress 
Dynamic pressure 


Compressible flow 


Oscillaliii" flow 


turbulent. rough walls 


Natural convection 


Natural convection 


Heat uansfer 


Aerody iiamkin hydrodynamic* 


terody nam it*, Ity drodynain ic* 


A trod ynam i c s, hydrdd ynam ics 


Pipe flow 


Boundary layer flow 



Cylinckr 
length cfll-i'E 

{I0 J < Re< 10 ’) 


Ud 

*-/) 

go 

1,20 

40 

0.98 

20 

0.91 

10 

D.&2 

5 

0.74 

s 

0.72 

2 

0.68 

i 

0.04 





i 'yhiukr 

L_ 

S tw 


Ssmmih 


§- 0 ' 


D004 
0,002 
0.0005 





a 


b 


i 


cylinder 


( 5 . 26 ) 



drag 


drag 




sphere 


l 

3 


1 

3 



drag 

\pfJ 2 { projected area) 


( 5 . 27 ) 




p Uit (1,2 kg/ m 3 )(45 m/ s )(0,0 ] m ) 

ft 1 .8E-5 kg/(m - s) 


- 30,000 


.2 N 


( I !2)[ilrU ( l/2)( 1 .2 kg/m ')(45 m/s)-(0.2 m)(0.0 1 m) 


= 0,905 


10 4 < 


(. i .2 kg/m H/,-hu U | K . v ( ] m) 
LS E “5 kg/(m - «) 


, m m 

10 5 if OI5-<f/ cWilRne> < 1.5- 

s s 


F 


mm 


= c^u^Ld = mi)\ 


\ .2 kg/m 




^ = C^lt^Ld = (0.9 D 


Ye 2 kg/m 3 


1(0. 1 5 m/s) 2 (20 m)( I m) = 0.25 N 


{1.5 m/s) "(20 m)(l m) = 25 N 



then F 


= C^lFLd = C L £(J~md)d = ZOC^ 




(262 s [ KO.OnS m) 




(10,5 m/s){O.OOH m) 
L5 E-5 m'/s 


~ 5600 


(/ wijlJ - (262)(0,008)/(0,2 ! ) « 10,0 m/s 







/(n 2 , n 


3 : 


n !(jr will equal n lp . 







Large 4: 1 

o 

ellipsoid 





Medium 3.5:1 
eHip$®id 




Small 3:1 

dlipsoid 





v K L„ 


V„L 


P 




Ft 






a Va = rjf^" 


Power- 1 aw 
extrapolation! 



UP 


3 


I0 ? 


log Re 




Uncertainty 
in protolyitt 
data estimate 


Range 





( 536 ) 



fjfe “ V(A/fr)[ic - V( l.6(3)(2077 nr/s z K) X (373 K) = I J 34 m/s 

lf "'He 


Vf rtaLi — Mliilc ' --0 ' ' 


V Ue = 2268— 

s 


V, 


tfjxo 1 1 34- its/s. 


m 


Aiu, (V) 


Re = pVC 

^iir 

(0,4125 kg/ in )(599 m/s>(1.6 m) *,,*,.*. 

= 26.6 ho 

„ ir 1 .48 E-5 kg/(m - s) 

uVC 

R^ile “ 

(0. 1 3 S kg/m :, )(2268 m/s)(0.2 m) _ T 

- — 2,66 bo 

Kc 232 E— 5 kg/(m * s) 


3<. 


Re TI , = Rc ;i ;, = 26.6 E 6 = 


(0. i 3 i kg/m )V' ik '{0.2 m) 
2.32 E-5 kg/(m ■ sj 




4 m. (b) 





26.6 E6 


p]i e (226H m/s)(H2 m) 
232 E - 5 kg/(m 1 s) 


pn c = Pa*. = jufl7lj, c = {1,36X2077X373) = L05 E6Pa 

tn 









of the U.S. Army Corps of Engineers Waterways Experiment Station.) 


( Courtesy 


fl, cm 

Lt m 

{?* m 1 ft 

Ph 

p. kffar 

fju kg/fm * .&) 

V* i n/jj* 

1.0 

50 

0.3 

4680 

0804 

2.92 E-4f 

1.06 

10 

7.0 

o.f) 

T2,m 

680+ 

2.92 

i n 

#! li 

10 

9,0 

1 .0 

70,800 

0804 

2.92 B 44 

3,54 

2.0 

4.0 

LO 

2.080 

998| 

0.00 10+ 

0.88 

2.0 

(>,0 

2.0 

10*500 

9981 

u.OO i OS 

1.77 

20 

8.0 

3,1 

30,400 

998+ 

0.00 to? 

2.74 

3.0 

3.0 

0.5 

540 

13 5m 

1,56 E-39 

0.20 

3.0 

4,0 

1.0 

2,480 

13 5m 

1,56 E-3S 

0,39 

,10 

5 0 

1,7 

9,000 

I3J50& 

1-56 F. 35 

0-67 


= QtA, A = ff/3-V-l. 

t< iiioline., 
j:W*ior. 

BMeroiry: 


n t = 

W = 


p ')X h D' A p 

p[y&p 




pVD 




L 

D 


or 


AftS. id) 


pDr A p 




pD A p 
f* 2 

pVD (680)(1.06)(0.01) 




2,92 E4 


f6S0K0,0l) 2 (4&30) 

' OS2M? “ m E ’ 

24.700 j - 500 


pD^P 

Lf n 2 



flow iii ii long pipe 


Aits, (c.) 


p/S A p 
Lp: 



Xlf.f. (c) 


ICH 


Re 



[O'f 


to '* 1 n 


io 9 


i> 


10 ’ 


pD p p 


D 


D 

pD p Lp 


D 


P 


L , 



10 " 



1 


! 


[ 




a 


pwater = 998 kg/m jugate!. = 0,001 kg/(ms) 
/Wi - 7.86p water ^ 7844 kgfin\ 


IT 


F = w m = (p, - fOg-d* = (7840 - 998X9.8 L) 

0 



f = 0.03,1 1 N 


Falling seed sphere: 


pF_ _ (998 kfe/nOCQ-O-TI 1 Nt 
p 2 ~ [0.00 1 kg/(m * s)J 2 


» 3.5 B7 



pF/fji' ~ 3.5 E7 


pVd 


* 20.000 or 




20,000;0.001 kg/fm ♦ s)] 
’ " (998 kg/ni 3 )(p.0 l m) 


m 


^ 2.0 — Ans. (b) 


s 



QtKuilifv 

St mbol 

ML1% 

1 >imt riskins 

FLT0 

Length 

L 

L 

L 

Area 

A 

!} 

0 

Volume 

V 

L l 

l? 

Velocity 

V 

LT 1 

LT 1 

Acceleration 

<iV!di 

LT 2 

LT 2 

Speed of sound 

tt 

LT 1 

LT ' 

Volume flow 

Q 

l?T 1 

i, J T 1 

Mass flow 

m 

m 1 

FTL 1 

Pressure, stress 

P r V, T 

ML 'i ; 

FL 2 

Strain rale 

€ 

T 1 

T 1 

Angle 

0 

None 

None 

Angular velocity 

ft>. fl 

7” 1 

7 1 

Viscosity 


ML ' f 1 

FTL 2 

Kinematic viscositv 

T 

v 

th 1 

Or 1 

Surface tc it si on 

V 

mt - 

Ft 1 

Force 

F 

MU 2 

F 

Moment, torque 

M 

M!, z "f 1 

FL 

Power 

F 

Aftir * 

FLT 1 

Work L energy 

W. E 

ML 1 ! * 

FL 

Deti$Hy 

P 

Ml, ' 

n -i . 4 

Temperature 

T 

0 

0 

Specific heui 

(, |j 

t*r *e 1 

£’/ 3 0 ‘ 

Specific weight 

7 

■W. '7 J 

FL ' 

iTiermal conductivity 

k 

»LT ,_3 e 1 

FT l B J 

TJiernial expansion coefficiem 

p 

0 1 

0 1 



li’KS 


Rotation rate, r/min 

4800 

6000 

8000 

Measured thrust, N 

6.1 

19 

47 




i 


iw 



Pit irtp data 
(J2 in if si) 


p&D 5 


0.5 + 


3g 

QD 3 


- 120 

IQD 


14 


e 


QD 


t = flow coefficient 


0 


Q . m7s 

Q.0O5 

0.01 

0.015 

0.020 

A;j, Pa 

5800 

30,300 

42J0O 

70,800 



.v, in 

0.03! 

0.035 

0.055 

0.080 

0.12 

0. 1 6 

14 . ft/s 

50,6 

54.2 

57.6 

59,7 

63.5 

05.9 


ll, rev/m in 

0 

;woo 

6000 

9000 

J 2000 

15000 

f, n 

0 

850 

2200 

2900 

8120 

8300 


8. cm 


10 

20 

30 

i 40 

Q , m7h 


8 

47 

120 

203 



V. ft/s 

30 

.18 

48 

56 

61 

f \ Ibf 

1.25 

1 .95 

3.02 

4.05 

4.31 


V, mi/h 

50 

76 

100 

125 

Drug, N 

16 

32 

63 

m 


Tow speed, ft/t 

0.8 ! 

1.6 

2.4 

2.2 

4.0 

4.8 

Friction drag, ] hi’ 

0.0 f 6 

0.057 

0.122 

0.208 

0.215 

0.44 1 

Wave drag, Ibf 

0.002 

0.021 

0.082 

0.252 

0.509 

0.697 



0.632 

(pUD/y,)' M 




2 ApD 
fiV'L 



fiVD £\ 


f 

0,0356 

0.0316 

0,0308 

0.0305 

0.0304 

pVD/fx 

15,000 

75,000 

250,000 

900.000 

3,330,000 



Q. gal/mm 

1.5 

3,0 

6.0 

9.0 

12.0 

14.0 

T„., 

0.03 

o.ia 

0,37 

0.64 

om 

l IS 


T u K 

300 

300 

300 

500 

HOO 

Pi» kPa 

200 

250 

300 

300 

300 

m. k«/s 

0.037 

0.046 

0.055 

0.043 

0.034 


Q, gaJ/miri 

200 

300 

400 

500 

600 

700 

A/?, I b/i n 2 

36 

35 

34 

32 

29 

23 


I 

4 


t - 0.2 J 2 




i = 0.458 


/ - 0.574 


V, O/s 

ill r/mm 

V , fl/s 

11, r/miii 

V, fl/s 

Hi r/min 

V, fl/s 

11, r.'min 

18.05 

435 

18.05 

225 

20.10 

140 

23.21 

115 

22.20 

545 

231 9 

290 

26,77 

215 

27.60 

145 

25.90 

650 

29. 1 5 

37Q 

31.37 

260 

32.07 

175 

20.94 

760 

32.79 

425 

36.05 

295 

36.05 

105 

38.45 

970 

38.45 

405 

39.03 

327 

30.60 

215 


mx = —F cos 0 mi = ~F sin 0 - W 


where 





2 4 


0 = tan 





Golf ball 


Rough spheres 


1250 X 10 - 
500 x (0 

% = 150 X !0 


Smooth sphere 


I I I 


10 s 


10 




4 X If)' 


0 

2 X 10 4 


Reynolds number. l.iD/v 

W 




Small nauii'al 
titiiurbaiices 
damp quickly 



bin tm of 
turbulence 


u 

t 

Continuous 

twrhulence 


a 


b 


f<rt Air 


(h) Water: 


pvd ( 1 ,20ri kg/ m 3 ) V"(0.05 m) 

p* 1.80 B-5 kg/(m ■ 

pVJ (998 kg/m 3 )V(0.05 m) 

P 0.001 kg/(m ■ s) 


Of V ** 0-V 

S 

or V — 0.046 — 

s 



a 


b (National Committee for 

Fluid Mechanics Films, Education Development Center, Inc., © 1972.) 





d 

Bandy op adhyay, “ 

Mechanics , vol. 163 , 1986, pp. 439-458.) 


a b c 

Courtesy of Cambridge University Press-P. R. 

Journal of Fluid 






(6.1) 



(const) 



+ entrance effect 


120 



l 

4 


E)ye filament 


Tank ^ 







a 


c 


b (From Ref. 4.) 


Re, 


jCFll 


Ki 


2300 


( 6 . 2 ) 





const 


(6.3) 


then 


L e = t\d V, p. ft) V = £ 

A 



(6.4) 


—7 ~ 0.06 Rc,./ 
a 


iaininar 


(6.5) 


LJd « 4.4 ReJ* 


-7 ~ 1 ,6 Rej 4 for Re rf < I0 7 {6,6} 

d 


Re,, 

40QQ 

10 " 

K? 

IO f ' 

I0‘ J 

Wrf 

13 

It 

2% 

51 

90 


1 

2 


Q = (5 gal/min) 


0,00223 fl’/s_ ofl) 


1 Si 


in 


v-Z- 


0.01 1 I ft Vs 


A («r/4)[Q/I2) ft] 


= 8.17 ft/s 


Vd (8.17 ft/s)[({/12) ft] __ 
Re. = — = s — 7 — = 3 1 JOG 

!> 1 m x 10 5 ft Vs 



L> 

d 


- ** 1.6 Re,y 4 = (1 .6X31,300) 1/4 = 21 


Lhl = {60 ft)/Ki/12)ft] =1440 



21 

1440 


= 0.01? - 1.5% 


,4 Hi'. 


P_ 

PS 


+ £1 






+ a 


2 * 



+ h t - 


2 


( 6 - 7 ) 




( 6 - 8 ) 



(T) 


gx = R 


Ap ( jtR ') 4- pg(nR 2 )L sin f/j — 7,. ( 2 — m(V 2 — V r |) = 0 


i, + ^ = A 


PS 




2r 4^. L 
pg A' PS </ 



where / — fen(Re rf , 


— , duel shape) 
d 




{b. \ I } 


sluts 


t - 


L 

R 2 ) 


where u 


Ilia* 




R 


dxj 4/i 


<11 1(1 


>i y ^maj; 

A ~ 2 





L 




} Su 


Q = 


udA = ttR' V — 


irk ’ 1 / ii f> + /jsjAz 

IjA 1 . 


T» = 


du 

d ~T\r ft 

dr 


ApA? 8/tV R / Sj} + pgAz 

R ~ ~d~ ~ 2 V 7 


(6.12) 


32jt U.V 1 2 Hpty 

pi'd 1 TTpSd 4 



87\,. ia i„ _ 8(8^-WJ) _ 64 

pV 2 - pV 2 - pVd/fi 



d = 6 cm 





HGLj = i j + — « 0 + = 39.65 m 


PH 


900(9.307) 


P2 , 250,000 

H ° U ~ ?2 + 7h " 6 ’ 43 + 900(9.807) " 3475 m 


- HGL, - HGLj = 39.65 m - 34.75 m = 4.9 m Am. (b) 


-pnd*h f _ ?r(9TOK9.807)(0.06) 4 (4.9 i 
mfiL ~ 1 28(0.1 S)(10) 


0.0076 rn'Vs 


A ns. fc ) 


Q 0,0076 
-n-R 1 ~ tt(0,03) j 


2.7 m/s 


Am. UH 



2.7(0.06) 

0,0002 


810 


Ans. (el 





T- V 
I ft 

i 



| @ 

0 = 0. i 5 flVii 


Q Q <0.1J/?600)FfVs 

A 2 (ir/4)d- (.-/4)(0,004 ft) 2 "" S 


or 



p , a i V\ 

~ + + z t : 

pg 

aM 

z 7 - - 2.0 ft 


Pi , a J*i . _ . X. 
— 4 - — . — + ; 2 4 /? . 

A" 


Oft 


(2.0H3-32 fl/s) 

2(32.2 ft/s 2 } 


- t 




1 .66 ft = 


32 fd. v _ 32^1.0 ft K 3 .3 2 rys> 
~ {68 lbt/ft*){0.(XM ft) 2 


solve for ju — 1 .45 E -5 




( 1 .SO slng/ft"*){3-.32 ft/sXO.004 ft ) 
(1 .45.E-5 shig/ft-s) 


* 1650 


Yes, laminar 


Continuity: 


Momentum: 




+ PS + X ^ V 


( 6 . 1 4 ) 




oo 


Am 



I 



r /' 

u dr 


(6.15) 




a 


b 


[6.17) 






(n — u) ik 





r 

ii~ dr i= 0 



(6.18) 



u — « + u' v — jj 4 - v' vi 1 = vt f 4- w' p — p + p' (6, J 9) 


bu bv dw 
bx by bz 





-pu'% — pst'v \ and — pw'vv r 



( 6 . 22 ) 



ftp 


dX 


+ PS, + 



T - p~ pU V - + 7^^ (6.23) 

<jy 

■w 


y v 



(w) (h) 


a 


b 


u = fill, T w) p, y) 


( 6 , 24 ) 



(0 ^Jouier 



V P’ ^ 



U - U 
U* 





u 

It * 



overlap layer 





vu 




P 


V 




M 






0 



Outer law profiles: 

Strong increasing pressure 
Flat plate flow — — - — - 
Pipe flow" — - — "" ‘ 
Strong decreasing pressure 


linear 
viscous 
/er, 
F.q (6,29) 


Logarithmic f 
overlap / 
Eq. (6.28) 


Experimental data 




4 



V 




where 



/ ~ fcv where k = KAr min's constant — 0.4 f {(53!) 




— = - In ( — ) + b 

if* K \ V / 


or 


5,0 tiVs 


a 


* 


0.41 


In 


(0.07 m)ff* 

1 .5 IE-5 nr/s 


+ 5 


u* ** 0.228 Tn/ft 


-A ns, (a) 


■= pu* 2 ” ( L205) (0.22 8)- “ 0.002 Pa A/w. (b) 


M(J’) 


\ . w 

ns — ] n — 


* 



+ fi 



Q 1 

rif 

1 {R — r)u* 

■j 

u* 

- !n + H 

A ttR- 

1 

0 

_ K V 


2v r dr 


u 



Ru* 


-»« -In — + 2 H 


v 



(6.33) 


V Ru * 

— ** 2.44 In + l .34 (6.34) 

u* v 



(6.35) 


ffn* Wd a* 

v v V 






1.99 tog t \tej lfl ) - 1.02 


0 = 2.0 log (Rej/ ,/3 ) - 0.8 


(6.38} 


Re,* 

4000 

10* 

if 

10* 

I0 7 

10* 

r 

0.0399 

0.0309 

0,0100 

0.0! 16 

0.0081 

0.0059 



0.316 Rc„ ,/4 




4000 < Rej < 10 s 


H . B Iasi us (191 1) 

Ref. 9 


(6.39) 


or 




= 0.316 



Ip - 0.158 Lp } V 4 d m \ 7/4 


(6.40) 


Q = \mfV 


Ap** 0.241 VVV 47S C> 17S 


(6,41) 


U* 


As 


I /?H* 

— \n 



+ B 



V 

— As 
ff lM* 


(I + 1.3 V?) 


L 



Re.; 

4000 

1G 4 

10 3 

io* 

IQ 7 

10* 

V'Aw 

0.794 

0.314 

0.352 

0.377 

0,395 

0.909 




a 


b 



G 


G 


G 


G 


< 5: hvdrauUcalh smooth walls, no effect of roughness on friction 

V 



v 


transitional roughness, moderate Reynolds number effect 


v 


> 70: 


fully rough flow, sublayer totally broken up and friction 
independent of Reynolds number 


G 



(6.45) 




+ B - M = - In - + 8.5 

k e 


(6.46) 



V d 

— = 2.44 In - + 3.2 

U* € 



fu!K rough flow 


(6,47) 


€/d 

O.OCiOOJ 


0.0001 

0.001 

0.01 

f 

0.00806 


0.0120 

0.0196 

0.0379 


0.05 
0.07 1 6 



(6.48) 



Fusion- facwr/ - 


u ;* 


.■TiIVIi i."i - I n‘> Jiiri. *1 i 

•* ■ i 

i S I p3 JLI i- +■! Ifel irU JiU *■,- H£> N 11 jitt ? Ill ED! Ml - IJ 





'’i iW:tH ' VJT' fa pi jI ■ ■ ' 3 : 


hip* [ 

Bil^h (ft i li p 1 1 ■ b * 


3 

i | 

i i F. \ iii 


jii 1 *■ 1 r»- ' ■ ! 1 l j- | ’■l hi |ni. 

5» 

m.' 


ftU*! \lJillrtW > 

; \ (Hew ?jone Trim im-^i 
U.D& rr 11 p J i ' i sync uA. 


Jf ; s ■ i u i A ' 




Ml 
0,00? 
■ I ms 


fl.Qt w :^3 
<» ' Wfi 


0.009 

OLKA ffl 

0.0006 

UOGQJ 

ouMoJ 

iuoooi 

OL00 0J&S 


W MOV 41 * n “I0 4 JtloV 4 ' *10* 2U0V 4 ** *I(F 2n 1 * ** 1 10' 2< I0 5 > \ ^ 

■mmUIIImIIhi n 


O.rsjC.OI 


hi>>iiiVJs num>w kr 




= DJD00D0I = D.000JCH4 

IF II 


(From Ref. 8 , by permission of the ASME.) 



Rjrfntivr I3«jtj^?illc:>i5* 


Material 

t ’i unlit id fl 

ft 

mm 

1 liter Liirl!_v % 

Steel 

Sheet melal. new 

0.000 ] ft 

0.05 

±fto 


Suink^, new 

OjOQOOOT 

0.002 

±50 


C'omflKrtiulp new 

OjOOOIS 

0.046 

± 30 


KivciCd 

0.0 1 

3.0 

±70 


Rusted 

0.007 

2.0 

*50 

I rein 

Cast, new 

04)0085 

0.2ft 

±50 


Wrought. new 

0.00015 

0.046 

±20 


Galvanized. itew 

o jodos 

0J5 

±40 


Asphalted cm 

0.0004 

0J2 

±50 

Bntss 

Drawn. new 

0.000007 

0.002 

±50 

Plastic 

Drawn luting 

0.000005 

0.00 1 5 

±60 

GliSH 

— 

Smooth 

Smooth 


Concrete 

Smoothed 

0.00013 

0.04 

±60 


Rough 

0.007 

20 

±50 

Rubber 

Smoothed 

0.000033 

o.o i 

±60 

Wood 

Slave 

O.OCHfi 

0.5 

±40 


G 



{ 1 ,94 skig/ij^XO ft/s)(0.5 ft) 
2.09E-5 s]ug/(fL * s) 


~ 279.000 


(turbulent) 





/ 200 ft \ (6 ft/sr 

V 0.5 ft ) 2Q2.2 ft/s '"I 


4.5 ft 


i;t = fjjtf/f, = ( 1 .94 sllig/ft'*)(32,2 ft/s-)(4,5 ft) ** 280 lbf/ft 


Ans 

4;( l v 


1 


I 3 


V = 


0.2 m7s 


wR irtO.I En) 


- - 6,4 m/s. 




v 


(6.4 m/s)(0.2 m) 
0.00001 m"/s 


128.000 


e 


e 0.26 ram 
d 200 mm 


0.0013 




*/=/- 


L.Y- 


d 2g 


_ 500 m ( 6.4 m/s)' ( 

• 0225) o^riS5n s?r ll7m 


Ansi (a) 


of 


A/? An 

ft. - — + L sin 1 «P 

PS " PS 

A/j — pjjffy - ( 500 .ni) sin !D°j - p$(l 17 m - 87 in) 

= (900 kg/m^.Sl iWs J X 30 m) = 265.000 kg/(m - s J ) = 265,000 Pa 4 ,js. ( 6 j 


,. , d 2 H ( 0,004 fO( 2 )( 32.2 ft/s) 

/ - fir— — K = I .66 ft)~ — -T — ~T m - 0,03$8 

' L V - ( 1 .0 fl:X 3.32 ft/s ) 2 


Re, =* 3250 [Ei|. ( 6 . 38 ) or Re, - _i 3400 Eq. ( 6 . 


is. - 


pVd 1 , 80 ( 3 , 32 X 0 , 004 ) 


Re, 


3300 


- 7.2 X 10 6 slug/tft ■ a) 


A ns. 



V — 4.84 m/s 



I Is 


rho=950 nu=2E-5 d=0.3 L=100 epsod=0.0002 hf =8 . 0 g=9.81 


Re=V*d/nu 

Q=V*pi*d^2/4 

f= (-2 . 0*logl0 (epsod/ 3.7+2.51/Re/f A 0.5) ) A (-2) 
hf=f*L/d*V^2/2/g 


Q=0.342 V=4 . 8 4 f=0.0201 Re=72585 



( 6 , 52 ) 



i o_ 

Tlllv 



jQ 

ml v 





G 



TT 2 ( 9.81 rn/s ‘)(8 rirt)*/^ 

8 (I 00 m)( 0.342 mVs ) 2 


= 8 . 28 J* 


or 


d ** 0 . 655 / 


i/s 


4 ( 0.342 m Vs) _ 2 i .800 
tt {2 E -5 nr/sW tl 



€ _ 6 E -5 m 
d ~ d 



( 1 ) 



h 


pump 


Power 

pkQ 






7T ... ,/ ,.ft 

Q = AV = -(0.5 ft>- 6- = 1.18 — 

4 \ s / s 

Rower (0.6 hp} 550(ft ’ Ibf )/($ ■ hp) j 
plU31; ' “ wQ ~ ( 1 .94 slug/ft*) (32.2 fr/s 2 ) ( LIB fr'/s) 


4.48 ft 



I 



pVd (1.94)(6)(0.5) „„„„„ f 0.0004 ft 

- — - V . . . — 1 = 278,500 - = — - — — = 0.0008 

fx 2.09 h-5 d 0.5 ft 


{e/d , 2.51 ^ 

?i0 \3,7 + R ejVf) 


yields /= 0.0198 



— k s - = 4.48 ft = / 


L 

dig 


= ( 0 . 0198)1 


L \ (6 ft/s) 2 


.0,5 ft/ 2(32.2 ft/s 2 ) 


Solve for L ~ 203 ft 


A ns. 


A/j A + pgA AJ, sin ^ AL — 0 







or 


A cross- sectional area 


(6.,%) 



wened perimeter 



(6.57) 



(6.58) 



4 X area 
wetted perimeter 



(6.59) 



(6,60) 





,/vi 


oodyl 


Re 


r> 


*■ D 


laminar flow 


( 6 . 6 1 ) 


\ 


± 15% 


turbulent flow 



» 



4(2hh) 
2b + 4/? 



t* 




where 



2bh ' A p 
3 fi L 

Q h^Ap 
A 3/x L. 




HULK 


Wiiiajt 



A p = 3 yJ.V 

fig figft 2 



h 


(T_*n 
2 ft L 


(6.63) 



h 


l L 


(L/D h ) (V*f2g) 


96ju. _ % 

pvm ~ 


{6,64} 


u(Y) \ Yu* 

- -In + B 0 < Y<h (6.65) 

U* K V 



\ 

h 



a dY = tt* 




hu* 

v 


+ B 



ib.m 



2.0 log {Re 0l / 1 ' 5 ) ~ 1.19 


(6-67} 



2.0 log (0.64 R e 0 J i/2 ) - 0.8 


( 6 . 68 ) 


Parallel plates: 





4A 

9 


reasonable accuracy 




64 

(/Rep^) laminar theory 


betler accuracy 


(6.70) 



Re, ;j _ = 


VD h (6.0 ft/s) (0.4 ft) 


-y 


V 


0.00002 ft Vs 


= 120.000 


l v 2 mo (6.0 ) 2 

f - 0.01 73 h, - / — — = 0.01 73 - - ■ T - — - 2.42 ft 

D h 2g 0,4 2(32.2) 


Arts, (it) 


A p = pgh, = ! ,9(32. 2) (2 .42) = 148 Ibffft 3 


Arts, (it) 


Re^ = g( 1 20,000) = 80,000 


100 ( 6 . 0) 2 

h f = 0.Q1S9 '* = 2.64 ft 

0,4 2(32,2) 


tfK.I 


bp - 131(32.211(2.64) = 161 Ibf/ft 2 


Bill a urns, {a) 


I'mtu which 
ar)<i 



1200 


= 0.08 


h- = 


100 ( 6 . 0) 2 


0.4 2( 3-2,2) 


- 1 1.2 0 


=■■ 1 ,9(32. 2)( i 1 .2) - 684 Ibf/fO 


Arts, if’} 



l > 2 A p 

, J - • - 

3 /k L 


jr 


Ajj 


3(6-0 ft/s>[ QJ0O3S ■ sMlOOft) 


(0J fi) 


2 


684 slugs/(ft ■ fi 2 ) = 684 lbf/fl 




684 

! , 9 ( 32 . 2 ) 


1 1,2 0 





d_ 

dx 


0 ? + PS") 


= Kr 


(6.71) 




In r + C 2 


\ „ K 

u[r “ u) = 0 = —tt “ + C] In j + t 

T 


K 

u(r — ft) — 0 = —ft 2 — I- C\ In ft + C\ 

4 ft 




(/? + P£z) 






<r -- ft" ^ 
+ — — —“in - 
In {bid) r 



njj 

it ' 2 /jrr dr — 


7T 

8ft 



(P + P£Z) 



(t7~ - ft’) 2 
In {a lb) 




where V 



(6,74) 


4tjW - ft 2 ) 
iTria + ft) 



(6.75) 


64 £ , {a - ft)V - ft 2 ) 

Re c 4 it 4 - h 4 - Ur - ft 2 ) 2 / In (fr/ft) 


(6,76) 


Concentric annulus: 


/ 


64 

Re,„ 



d/a 

/ R** 

II 

0,0 

G 4 .Q 

1.000 

0.0000 1 

70.09 

0.913 

0.0001 

71.78 

0.892 

0.001 

74 .68 

0.857 

0.01 

8011 

0.799 

0.0? 

86.27 

0.742 

0.1 

89.37 

0,716 

0.2 

92.35 

0693 

0.4 

94.71 

0.676 

0,6 

95.59 

0,670 

0.8 

95.92 

0.667 

L 0 

96.0 

0.667 


G 


G 





V 


Water 



Kf KJ 


Q 0.01 m'/s m. 

A ■7r[l,0.05 m) 2 - (0.03 m) 2 ] ' s 


D h = 2(o - b) = 2(0.05 in - 0.03 m) - 0.04 m 


- 


VD h ( i .99 m/s)(0.04 m) 


j f 


I ,'0211- 6 ra /s 


= 78,000 (turbulent flow) 



G 



0,046 mm 
40 mm 


= 0.00 1 15 



—2.0 log 


£lfi 


{ 0.00 1 1 5 | 2.5 1 ^ 


\ 3.7 78.000 V// 


solve for / ~ 0.0232 


G 



( 1 .99 m/s) 


■> r 


2(9.81 m/s)‘ 


1.03 + 0.0257 


30 m 
0.04 m 


4.1 m 



Rectangular [sureties Irijugk 



ft/a 

/ Kc, l; 

0, 

/*** 

0.0 

9600 

0 

48.0 

0.05 

8991 

10 

51.6 

0.1 

84.68 

20 

52.9 

0-125 

$2.34 

30 

53-3 

0.167 

78. Si 

40 

52.9 

0.25 

72,93 

50 

52.0 

0.4 

65.47 

60 

51.1 

0.5 

62,19 

70 

49.5 

0.75 

57.89 

80 

48.3 

1.0 

56.91 

90 

48.0 






b 

Gottingen, 1926.) 



a 

(After J. Nikuradse, dissertation , 


G 


25 ftVs 

V - - “ - 44.4 ft/s 

0.75 fir 


„ 4A 4(31 in 2 ) 

D . = — = — = 9 iti = 0-75 ft 


ft 



whence 



0.843 ft 




v 


44,4(0.843) 

0.000157 


239,000 


j_ _ 0,0003 
D eft ~ 0,843 


0.000336 


■V' ~ pgtif - pg\. 


( / — —) = 0.00237(32.2) 

100 44.4" 
0.0177-——— 

V 0» 2k) 

0.75 2(32.2) J 


Ip = 5.5 Ibf/fr 


Loss coefficient K = — 



(0.78) 



h. + 2/i m - ^-f-+ 2K 


2k 


Vmiinal diameter* in 




Screwed 




Hanged 




i 

* 

‘W 

l 

2 

4 

1 

7 

4 

8 

20 

Valve- (fully open): 
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55 
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0.24 
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0.11 
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2.0 

2.0 
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4,5 
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0.21 
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0.23 
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0.10 
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1.5 
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030 
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0.10 

Line flow 
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0.90 

0.90 

0.90 
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0.07 

Branch flow 
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1.8 

L4 

1. 1 

LO 

0.80 

0.64 
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0.41 
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Reynolds number (millions) 


(From Ref. 48 , courtesy of R. D. Coffield.) 
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where n — 0.95 + 4 




( 6 . 804 /) 



'ffj 


■, 1 1 1 I 1 1’ 1 .' - I /2. if « h 

V j/U gj 


2.6 [ sin 0 I 


-4T 

£>*/ 


+ Av 


/. 


a vs 




for 20 - ■ 45 g 


Contraction cone angle 29 h (Seg 

30 

45 

60 

K for gradual contraction. 

0.02 

0.04 

0.07 
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hp = z 2 - zi + h f + 2 h - 


120 ft - 20 ft + 
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A ~ Wf, ft ) 2 
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l 39,000 
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ICO ft + 


(0.17 ft/s) : 
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2(32.2 ft /s-)L h 
1 00 fr + $4 ft = 1 84 ft pump head 
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0.5 

Open globe valve (2 in. Table 6.5} 
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1 2 -in bend (Fig. 6.20} 

0.25 

Regular 90* elbow {Table 6.5) 

0 .95 

Half-closed gate valve (from Fig, 6, ISfr) 

2,7 

Sharp exit (Fig. 6.21) 

1.0 
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Qi = Q 2 = Q? = const 



M 




— i/f| 4- "I" 
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A ->8 







■--(a,; + (It if] + (X 2 fi + <* 3 / 3 ) 
2 * 


( 6 . 87 ) 



Pipe 
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d. cm 

mm 

dtf 

l 
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8 
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2 
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() 
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3 
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0.20 
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^‘a—h - 


P\ ~ Pn 

pg 


+ *a ~ - a - 


150.000 

1000(9.81) 


+ 5 m - 20.3 m 
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— *ii 




fa + 2000(4) a /?i 


20.3 m 



( 1250/, + 7900/> + 32,000/0 


V] ~ 2^(203 )/(33 +185 + 973) 



A ns. 


oi 


Vi = 0.565 m/s Q - = 2.84 X 10 'm7s 

Q = 10.2 m'Vh 


Aft 4^ “ Aftj = Aft, = A Aj 


(6.88tj) 


(? = <?i + <?2 + (?s 


(6.88ft) 



where C) 




{?, “ Re,: - //r',4/^ 



0; - (vmfV* Re f - pVjdfa 


hr = J) (Ljfdj) i V]/2g) 


G 


Q\ + Qi + Q 3 = 0 





( 6 . 91 ) 
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34.3 

65.7 

0.024 E 

4.63 

47. 1 
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34,3 

5.7 
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1.32 

6.0 


IQ - 0.7 
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of Creare, Inc.) 
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(From Ref. 14, by permission 



p + \pV 2 = pi\ — const 


( 6 . 92 ) 



/V - 


PlV " Pi 


( 6 . 93 ) 




J mm hi less 




( 6 . 94 ) 


Q - M 





j in ct bolus* 


(AR) 2 




point 
(h) 
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5 

4.5 
4 

3.5 

AR 3 


!*f&, 

Bj 


A 


= 1.0 
= 0.2 
= 0.08 
- 270.000 


(From Ref. 14, by permission of Creare, Inc.) 


Conical 


M r = 0,2 
B r “0,09 
= E 20,000 


i ' i 1 ■■/ / y y\ / 1 

20= fS° 16° I4 n 1 2’’ 10" 8* 



(From Ref. 14, by permission of Creare, Inc) 
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Ltd 

0.02 

0.86 

IS 
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20 

0.04 

0.80 

38 

0.78 

22 

0,0ft 

0.75 

39 

0.74 

24 
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0.70 

20 

0.7 1 

26 

0.J0 
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18 

0.68 

28 

0.12 

0.65 
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Error 



r-? 


p_, + *pV- + pgz s 


Po + ip(0) 2 + pgz Q 


I' 


(po - 


ft 


i a 
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2 



A A/ 


2 sin (0/2) 


( 6 . 99 ) 


Po - p, = (S46 


2(549 lbf/ff ) 1 1(1 
1 .94 slugs/ft 3 . 



23,8 ft/s 


Am. 
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Badger Meter, Inc., Milwaukee, Wisconsin.) 
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PulMi |>L-r -L-Libk- meter 


Mjijcudk 
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(Daniel Industries, Houston, TX.) 
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(Courtesy of Nielsen- 


f = (const )(£/} 


( 6 . 100 ) 
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How 
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VOI LCX- 
hliL-dJiug 
L'k 1 IlliJIlL 


(Courtesy of Invensys p/c.) 
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a b (from Ref. 41) c 

(Courtesy of Thermo Polysonics, Houston , TX.) 




Huntington Beach, CA.) 


(Courtesy of Blue White Industries , 
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( 6 . 101 ) 






(Courtesy of ABB Instrumentation, Inc.) 
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h leKismivt- 

clienin uncut 


G-rin^ 
PisEorhccnlcri 11 * seatf 
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bteclrkal cojiiil-cLqi 


Microprocessor 
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Hchv. path Jeline-cl 
by piston 
sukl Lvlindtr 

if 


Girard, DH Instruments, Inc.) 


(Courtesy of Martin 




Hori cental 






Dead water 
region 


Vena contracts D < 

Jm 


Dividing 
Streamline 
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Continuitv: 

-■ 


Bernoulli: 



Pi) = Pi + ipV i = Pi + \pV\ 



= V 


■'2 X* 



.pi 1 - Oj/0 4 ) . 


(6.103) 


(6.104) 



y ^ 

Cj = /(/3, Re^) where Rc/> = — — 


E ~ (1 - jEJ 4 ) 1/2 


«■ 




£ : : aA t 



a = /(/?, Re/j) 




r 


RlVj 

£ 


(6.105) 


(6. 1 06) 


(6. 1 07) 


(6. 108} 


(6.109) 


(6.1 10) 


m = pQ 


(6.111) 








a be 

permission of the International Organization for Standardization.) 


(From Ref 31 by 
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1 

2 


where 




D W 


1 

2 


Q =fW> + 9Ul/3 25 Re„ 075 



- 0,03370-A 


f(B) ~ 0.5959 + 0.03 1 2/3 21 0.184/3 8 
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Corner taps: 


f'i = 0 F-, = 0 


(6.113a) 




F, = 0.4333 F-) - 0,47 


( 6 . 1 13 *) 


f 


! 


(6.1I3c) 


Range taps: 


F, = 


D (in) 


F, = 


D > 2.3 i 


0.4333 2.0 < D ^ 2.3 in 



O = 0.9965 - 0,006530' : 


1.0 


,6 \ 1/2 


lie 


w 


- 0.9965 - 0.00653 


V Ke , J 


(6,114) 


C 4 ** 0,9900 - 0.2262J3 4 - 1 

/ itfY- 15 

+ (0,000215 - 0.001 125/3 + O,OO249j0 4 ? ) — (6.115) 

V I * *w 


1.00 



Q ~ 0.9858 - 0. I960 4 5 


(6.116) 


Type of meter Net head loss Cost 

Orifice Large Small 

Nozzle Medium Medium 

Venturi SinaJI Large 


Vf!( 2g) 


3.0 



(Adapted from Ref. 30.) 



/ 2 Pi(Pi ~ Pf 

V I - If 



where 


( 6 . 117 ) 
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0.6 

0.6 0.7 Q.H O.y 1 


Pi¥\ 



1 

2 




(2 .OHO. 2) 
1.02 X 10 6 


- 392,000 





~ a 


2(50,000) 
1 000 


3/2 


Ot 



02 

nt 


d — /3D — 1 12 mm 


Am*, (a) 


(I = BD = 89 mm 


A ns. ih) 


cl = pD = 89 mm 


Am., (r) 


■ I 



Rho = 1000 Nu = 1.02E-6 D = 0.2 V = 2.0 DeltaP = 50000 


Re=V*D/Nu 

Vt=V/Beta A 2 

Alpha=Cd/ (l-Beta A 4) A 0 . 5 

Vt=Alpha*SQRT (2*DeltaP/Rho) 


Cd=0 . 9965-0 . 00653*Beta A 0 . 5* (1E6/Re) A 0 .5 





m = 


Cj - <0.98X0.80) f (0.06 m )> ^ Pa) 


V i - & 


1 - (0.6j 


=* 1,13 


Ice 


s 



4 m 

TTfuJ 


4(U3 kg/ap 

•rr'i.2. 1 7 I ->5 kg/m — s)(0,06 m) 


- U1B6 


1.14 kg/s 
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Problems 

6.1 

Reynolds number regimes 

P6J-P6.5 

6.2 

Internal and external flow 

P6.6-P6.8 

63 

Head loss — frier ion factor 

P6.9-P6. 1 1 

6,4 

l aminar pipe flow 

P6. 1 2-P6.33 

6.5 

Turbulence modeling 

P6.34— E*6.40 

6.6 

Turbulent pipe flow 
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Flow rate staid siting problems 
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6.8 
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6.9 

Minor or local losses 
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P6.1 f 1 -P6. 1 20 

6.10 

Three-reservoir and pipe network systems 
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6.11 

Diffuser performance 

P6.131-P6.I34 

0.12 

The pi tot- static tube 
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6.12 

Flowmeters: the orifice plate 

P6.I40-F6.148 

6.12 

Flowmeters: the flow nozzle 

P6. 149-P6.1 S3 

0,12 

Flowmeters; rhe venturi meter 

P6- 1 34 - P6. 1 39 

6J2 

Flowmeters: oilier designs 

P6.160-P6.161 

6.12 

Flowmeters: compressibility correction 

P6.162-P6.163 
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( 7 . 11 ) 
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( 7 . 12 ) 



7.4: 5* =0.3443 = 1 .72 Lt/Re}' 2 
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at a = 1 ft, 


Re,r 
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Momentum along walk 
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(7.2ft/) 
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1 .095 

4.[f>9 

1.137 

LO 

3 .307 

i .732 

[.326 

1/739 

100 

4.435 

4.5 S3 

l .033 

i .968 

100.0 

14.130 

14.177 

1 .003 

1 .997 

X 

tc 


[.000 

2.000 


A sin f t 

r 


K !n r + const (8,36) 




tff - U^r si n. 0 



I # / 

- - t/„ cos 61 l 

r d9 \ 





3r 




i + 




(8,38) 



tv,(r = a) — -2 Ur, sin 0 + — 

a 


( 8 . 


sin 6 , 



(8.40) 



C 



K U a a b 



\ [J0 + if 




a 



P* + ” put = /?,. + -pf -W« sine + "J 

p s = p rj + ^/>6 r i(l — 4 sitr 8 + sin 8 — fi 1 ) 



r2-rr 

{ /,> v — P-; ) cos 0 ba d8 



( 8 . 41 ) 


□(cylinder with circulLiliocTi > = 0 



i- 2 77 



(/), - p-r_) sin $ ba d& 




—p(Jv.(2TrK)h 


(#.43) 




(8.44) 



L 

5 pui{2ba) 


i TrpUJOj 

puljba 



(m _ ( 1 .25 fl>( 23 .04 rad/s) 
U., ~ 1 6.8 H ft/s 


f 

L - C,~ pUZ 2 ho 


E 


(2.5)-^ 0.00238 , 



ftV 

,88 — J 2(10 ft )( 1.25 ft) 


D = C,^ pui 2 ha = (0.7)^0.00238^ )\ I6.88-) 2(10 ft)( 1 .25 ft) - 


F - f (2 1 ,2) 2 + (5.9) 2 " - 22.0 Ibf 


21.2 Ibf 

5.9 Ibf 





tj/ - U x y 


( 8 . 45 ) 



a- 2 4- (y -I- a) ? 
x 2 + (y - a ) 1 




K U a 





a 

(TQ Education and Training Ltd.) b 

D (From Ref. 36, Courtesy of Jack Hoyt, with the permissiot 

of the American Society of Mechanical Engineers.) 




Type of now 

Potential fteeHnns 

Remarks 

Stream \U 

^ - Uy <h ■ (Jx 

See ri^, ftjj-f 

Line source (Vri "- O'i or sink (m < 0} 

i ft ~ 4> — tn In r 

See Fig. 8.3A 

Line vOfteft 

tfr — —K In f * = KS 

See Fig. 8..ir 

Halfbody 

tfr = Ur sin 9 + wr^ 

^ - Ur cos 9 + m In /■ 

See Fig. 8.9 

Doublet 

- A sin $ A cos $ 

rjj = ijr = 

r r 

Se* Fig. S.I2 

Raatkiric ovli[ 

tfr f/r sin 0 + f? 2 1 

See Fi^. SJ3 

Cylinder with circulation 

r> = U sin r K In - 

See Fig. »J4 


ft K , A/a + S 

— = In 

a Ur*Q kfa - I 




K 

h + a 


'Wwiifler = U»(l-0 + 1.84 - 0-39) = 2A5LL 


At is. 



then 


JU) = J\x + iy) = /i(.c s y) + y) 


<rft . &f\ _ n _ flVa , f 3 / 3 

“ + T — 0 = “t- + “ 


dY 


ay 2 


dx 


o\ 




( 8 . 47 ) 


/U) = <£(*, y) t y) 



r - (a 2 + v 2 ) 1 ''' 2 





J[z) = m In (2 - hi) 


( 3 . 51 ) 


V 



(a) 



0 ) 




a a 


c 


k 



d 


Source m - iS m 2 /s 





It 




5 

+ a 



m 

Hmnx 

a 


m 8 rcr/s 

= — — — = 1.6 m 

W-niax 5 jn/S 


Ans. 






a 

b 


c 


Bu — +^y 


7(0 = 0 



5 


c 


PuJ - P* 



ipt 


•7 




U 


XI J 


u 





a 


U, K j — (f/a cos ft' ± 5ff)“ + ((_/,, sill a) 

- Ul ± W > Sit cos a + Sif ~ U\{ 1 ± 


2 bn 


V 


-■c- 


Sti u 






(8,62) 



- y dx 

1 

2-77 Uo - .0 



XI 


(8.63) 


= 2'n‘U^ sin a 1 



o 


v 0 - -V 



2 U sin a 






■+■ 2 si n <* 





+ 5m — 17*. + ^7 




= 2 u sin a ~ 2-t T ft 





l 

4 


(8,69) 


da 




i i i r i 

m 9% n% 15% im 


c 




. r 

c 


(From Ref. 12.) 


I + Q.77— j sin {« + /?) 


(8-70) 


I 


K i:Ll H 


- TTbCU 


*Ci 


M inline 




0.015 



6ft 9ft 12ft 15ft 13ft 


L 

C 

U) 


c 


a 


b 


( 8 . 71 ) 



pUS 

kpuibC 




sill ( a + /}) 


C, 2j 7 sin (ri 4- j@) 


( 8 . 72 ) 



( 8 . 73 ) 


Am'IimI S€T k i 

Cam N r hH\ 

Measured dcs 

UteflTj' - fL ritji 

34XX 

2,0 

-2.1 

-2.3 

44XX 

4.0 

-4.0 

-46 

230XX 

E.S 

- 1.3 

-2.] 

63-2 XX 

2.2 

“1.8 

-2.5 

63-IXX 

4.4 

-3J 

-5.0 

64-1 XX 

L.I 

-0.8 

- 12 



AR = 





rtrfl dy 

4 tt( v “ 17 ) 




I 

My) = 't~ 

4t j 


rQflfr 


y(rj) dv 


■ (Ly'2}fc 



(8.75) 




0L k = fan 



U--_ V 


(8,76) 


I-'. * 


w -s U 


or 


(8.77) 



pVSb 

\pUibC 


355 27rrjf4.fr 


r ~ TiCUrt&t rr 


y) = ^’(,y)0' 


■■x. 


«(>) - 


47x1/* 




s 1/2 u? 


(c/TVc/tj) rffj 

ITT r- r irr^ rii 1 ~n~Ti ^ 

v - V 


(8.78) 


f 1 12 i h 


L = pUn 


F(y) dy 




■i\mb 


F(v)a;(y) dy 


J (i pm> 


(8.79) 





f I i ‘2)ft 




J {i mo 




(8.80) 


- r 0 


s - 



1/2 



irCn^odOf 


L - jTT 2 hC ti f»Ui.a{(. I + 2/AR} 



2m* 

I + 2/AR 


2 tt sin (<t + j3) 
1 4- 2/AR 


2 + AR 


const 





Uv-_. trAR 



1.5 


!.5 




/J= 5° 

I I 

10 * 20 * 
a 

(a) 


0.01 


1.0 - 
Ci. 


0.5 


AR = 7 



(c) 


1,5 


AR = 2 7 



id) 


C 


a 

d 


b 



(NASA photo.) 





I task* plane firm 


{ mmterpuri uxisym metric II im 


Uniform stream 
Line source or sink 
Line doublet 
Line vortex 

Ri-tiilzi nu half- body cylinder 
Rankine oval cylinder 
Circular cylinder 
.Symmetric airfoil 


Uni form stream 
Point source or sink 
Point doublet 
No counterpart 

Rankine half body of revolution 
Rankine oval of revolution 
Sphere 

Tear- shaped body 


v 



Axis of 

symmetry 

► x 

Properties do not vary on a 
circle about x axis 


Properties van- with 6 on a 
circle about K - axis 


— (r 2 v r sin 0) + —(rvf, sin 0j = 0 (8.85) 

dr tfO 


! ihp 

I 1 

r sin 0 dO 


- 1 fofr 

u r sin 0 dr 


( 8 , 86 ) 



(8,87) 


X 


Uniform stream: 


if/ - —W^r sin 2 0 


if> = U^r cos 0 


( 8 , 88 ) 



(8.89) 


m 

Pot tit source tft = m cos 0 tf> = — 

r 


r dijutilct 


lint (m cos 0^ cc ~ m cos 

n ly 

A 


A sin 2 0 
r 


(8,91) 



rtoi i hii: i 


tint 


H — Hi 


m 


} source 



A cos O 


(8.92) 


(8.90) 


V 



i/r = U^j 1 sin" 0 + m cos 8 




v u = —U&, sin B 




( 8 . 95 ) 







T 

2 a 

4 

2a 

JL 



I 


— - sin 3 8 + — sin 2 8 

2 r 


f 




( 8 , 97 ) 






f/« cos 0 ] 1 - 



v# = - — U«j sin 8 




(8.99) 


UN 


f = fl 


{ 8 . 100 ) 




+ 


V s = 


-v# 


= ■'£/.*. sin ^ 



separalion 
at 7 ft 0 



( 8 . 101 ) 


r 


( 8 . 102 ) 






1 , 

r 



Ua sin $ 




KEfhrid = 

^(sphere) = \{yna 


( 8 . 103 ) 


Fluid 

panicle: 

dm 



rf( KRJ = ] - dm V 


rriiii cylinder) = pira^L 


( 8 . 104 ) 




(8.105) 


ty s .j = tf/Cx a 4- i iv, )'(> + j Ay) 





dtf> _ + Av, >0 - <K-v, >') 

d* Ay 


aV 

a* 2 


Ai 


^(a + Ay. y) - ^(.r, y) (Wa, v) - ^(.v - Av, y) 


Ay 


Ay 



(8.106) 



(8.107) 



2(1 + 0)1 ft u « fa I J + + Mfaj ] + \ fan ]) 


( 8 . 108 ) 



( 8 . 109 ) 


P(I, J) = 0.25 * (P(I F J + l! + P(I, J - 1) + P(I + 1. J) + P(I"1, J)) 

( 8 . 110 ) 


P { I , J ) = P a, J) + 0.25 * A * ( P ( I r J + 1 ) + P { I , J - 1 J 


+ P ! I + 1 , J! + p{l“ 1. J) - 4 * P ( I , J ) :■ 


(S.M l) 





5 

mfa 



Iqlet; 

0(1, J) = 2 * (J - 6) 

for J = 7 to 10 

Exit: 

0( 16, J) = J — 1 

for J = 2 to 10 


?■= 10.00 

IOQO 

muon 

fcO.OO 

S.OQ 

*,U2 


3,07 

6.0Q 

ft.Dl 

6 06 

6 12 

4.00 

4.03 

id? 

4 fj 

2,00 

2,02 

205 

uoo 

W W ftO£> 

000 

000 

0.00 


IQ.IXI- 

10,00 

moo 

EO.OQ 

S 12 

K.20 


3.41 

e i 22 

oft 

is Sft 

O.RJ 

4.26 

J4H 

4 SJ 

S.24 

3.20 

2.44 

.103 

3J9 

OjOO 

ft® 

i 53 

2,22 



hJjQO 

1.00 



x 

wpJOO 


i&.oo 

lftffl? 

moo 

iQ.lStl 

R.S2 

302 

3.7| 

S.70 


7-26 

7 44 

7.50 

5.61 

5,03 

6 m 

6.41 

4.22 

405 

5.00 

5.28 

2 9J! 

M5 

337 

4 10 

1.77 

2.3? 

183 

3.18 

O.SO 

M2 

100 

2?4 

4|vD0 

Oufri 

MW 

3 .40 



Q44 

Q.C* 




EMU 


10® 

moo 

EDjdd 

IQ*. DO- 

3.35 

SOI 

3.0-.S 

900 

7.7J 

7 N2 

7.04 

3.00 

654 

6 74 

633 

7. DO 

5.50 

5.W 

5JS 

6.® 

J 4S 

466 

4 34 

5® 

MS 

m 

3.fl4 

4.00 

3,50 

2.70 


.1.® 

1.61 

1.77 

1.39 

1® 

0,70 

0 37 

0.04 

3.00 

0.00 

Ouoo 

0.00 

rv.DO 





p - 10 



.Or 


0.8 


0.6 


0.4 


0.2 


- 0.2 


- 0.4 


- 0.6 


- 0.8 


Lower surface 


P~P 


pV?i 2 


\. Jppcr stirlacd 


One-dimensional 

approximation 

Eq-(l) 


0.75 



a 




i<(3, 6} 


</r(3. 7) - >M 3. (3) 2.09 - 0.00 


Av 


0.2 


— 10.45 m/s 


h{3, II) 


fl(3, II) - >^3, 10) 
Ay 


10.00 • 8.07 
0.2 


9,65 in/s 








■i 


C p (one -dim) « l 






Element j 


I : .leiment j 


Node i 



(8.1 12) 



(8. 1! 3) 



p» + l 

iv 

r 

O « 







Wall 


V 


tilt 



( 8 . 114 ) 


u 


y + i 

TJ 





(J = 



( 8 . 1 1 6 ) 


( 8 , 115 ) 


(8.117) 


ii 


;+■ i _ 




H 




if 


r" 


J * 

;r + 



u ft- 1 


l 


I + (1 + 


j fr | 


j + 1 
(Tit ; f 4 ] 



H 


/+! 

Hi! 


Hit + j + wjj '! }) 

t + 2cr 


(8.118) 


H 


,! I | 




- 0.3491 m;' + 0.3255(«i , + <_ ,) 



u[ - l.O 



9 

/ 


if, 

If 2 


u 4 

“j 


fl 7 

% 

% 

“Ell 

u u 

s 

0.000 

LOCO 

0.000 

0.000 

0.000 

0.000 

0,000 

0.000 

0.000 

0.000 

0.000 

o.ooo 

6 

0.500 

1.000 

0.501 

0,290 

0J07 

0.027 

0.004 

0.000 

0.000 

aooo 

0,000 

0.000 

it 

1.000 

1.000 

0.704 

0-446 

0.35# 

0. 1 23 

0.052 

0.018 

0.005 

0.00 1 

0.000 

0,000 


Oil tiv 

Continuity: — + — = 0 (8.1 1 9a) 

dx (tv 

K. 


x moment urn: 



<8. 1 1 9/ j ) 



y moment urn 


(8.119c) 






permission of the American Society of Mechanical Engineers): a 
b a 


(from Ref 28, with 




: :• :• & Hi i B i g WMSi I 8 E ? | 




(Courtesy of Robert Martinuzzi with the permission of the American Society oj 
Mechanical Engineers); (b) (a) 

(from Ref 32, courtesy of Kishan Shah, Stanford University); (c) 

a ( Courtesy of Robert Martinuzzi with 

the permission of the American Society of Mechanical Engineers) 



PnihltMit DjsIrMiulinn 


Section 

Topic 

Problems 

3.1 

Introduction and review 

P3.1-P3J 

8,2 

Elementary plane flow elutions 

P8.8-P8.I7 

33 

Superposition of plane Hows 

P8.18-P834 

34 

Plane How pn^i closed- body slopes 

P8 35-P8.59 

8.5 

Fhe complex potential 

P8SO-P8.7 1 

8.6 

Images 

PB.72-P879 

3.7 

Airfoil theory: two-dimensional 

FS.S0-P8JM 

8.7 

Airfoil theory; finite- span wrings 

P8.85-P8.90 

3.3 

Ax asymmetric pole mini flow 

PS.91-P8.J03 

3.3 

Hydrodynamic mass 

P8.3W-P8.105 

8.9 

Numerical methods 

P810^P8,M5 



6 - fircos(20). 


tftU\ f»- ((') 


V 



r ^ R 


{ o>r 
foR ~ 

r 


r > R 



*- r 


1 .2 m/s 0.4 nrVts * m) 



.4 


V 





\ 


25 m : /s 


[ .5 m 

& 


V = 8 m/s 


r 


2 m 


# \ 


m - 1 5 nvVs 


I m 


f A 



P ~ rt> 

V / 2 




Manifold 



' IT 

8 in 

J r ._ 



7 m/s 



■ +m 
Source 






1 

i 

1 

i 

4 m 

3 in i 
; 

1 

! 4 m 

3 m 




A 



U - 25 m/s 




I 


I 









0 = 0 ) 


Ploi the streamlines 
inside ihis region 




► x 



V 

t 



-HIE 


Cf 

ff I 


0 


X 


y 



x 


V 




C 

-*■ 


I 


V 




X 


€ i . V = Oh 


J tic 

upper) 

V/V flower l 

0.0 

0.0 

0.0 

0.025 

0,97 

0.82 

0.05 

1.23 

0.98 

0.1 

1.28 

1.05 

0.2 

!.29 

1,13 

0.3 

1.29 

1.16 

0.4 

1.24 

1.16 

0.6 

1.14 

1.08 

0.8 

0.99 

0.95 

1.0 

0.82 

0.82 





Riinkine ovoid 


Point >’ Line sink of 




P = 101.35 kPa 




Stall 






r = ! 2 

/= 1 o 

2o o 


3 4 5 6 7 3 3 10 

■o o o o o o o o— 


o 


3 o o o 


o 


o 


o 


o o 


U 


^1 


4 o 


o 


c o- 


5 o o o o <7 
60000 


7 o o o 


8 — o 


-c o— 




1 6 an 




1 dp 

= — — = consi < 0 
p- ax 


Q - 0.1143 — 

P- 



fRz Dj - 62.19 



and — 


0 2 , 

') + — <>) 
0 V 


— ^ 1,4845f l,? 

Mp;i* 



+ 1 .42 1 5^0.5075^ 


y Airfoil half- con coin- 





Wall, >|j = 5 





X 



u 


I 







(Photo supplied by the U.S. Navy.) 



Ma < 0.3: incompressible .flow, where density effects are negligible. 

0.3 < Ma < 0.8: .suhsopie flow, where density effects are important but no 

shock waves appear. 

0,8 < Ma < 1.2: transonic flow, where shock waves first appear, dividing 

subsonic and supersonic regions of the flow. Powered 
flight in the transonic region is difficult because of the 
mixed character of the flow field. 


1.2 < Ma < 3.0: supersonic flaw, where shock waves are present but 

there are no subsonic regions, 

3.0 < Ma: hypersonic flow [II], where shock waves and other flow 

changes are e socially strong. 



(9,1) 


P = pRT 


R = c fi - c v — const 



const 






A - 49,720 ft'3bf/(Ibmol ■ R) " S3 14 JAkmol ■ K) 


R = 1716 ft 2 /(s 2 * °R) = 2S7 m7(s* K) k ” 6 .400 
R 


C 


4293 ft 3 /(s : - °R) - 7 1 S m7(s" ' K) 


2/^.2 


u 


k - 1 
kR 


c p = — — = 6009 fl 2 /(> 2 - /J R) = 100.5 m 2 /(s 2 ♦ K) 

k 1 


»2 





u = jc v dT h = fc r iff 


( 9 . 6 ) 


Tils 






i 




( 9 . 7 ) 



( 9 . 8 ) 



( 9 . 9 ) 



kR 


c p 


1.67(208) 
1.67 - I 


5 1 9 nrfix 2 ' K) 



1,7 K6 N/nr 

( 18 kg/m')[208 m'/(s a K)] 


= 454 K 


Am, (fir) 



248 E 3 N/m 2 
(400 K.) [208 irt 2 /0s : - K>] 


2.98 kg/m' 


Arts. ( h ) 



= c/Tj ~ T f ) = 519(400 - 454) ~ ^28.000 3/kg (or mV) 


A«J. {c) 


*2 


*1 = 1 


C„ln£- R ]n K 

I I 


fJ| 


400 0.248 E6 

= 519 in 208 In 

454 1.7 K6 

= -to + 400 - 334 nr/(s 2 - K) 


A«,v- ((/) 



c 


p + A p 

P + Ap 

T+AT 


P 

Q 

7 

VaO 


P 

o 

T 

1 /SC 



Moving 
wave of 
frontal 

EHClI 4 


Friction and heat 
trartsfer effects are 
confined to wave interior 


Fixed 


/I + A p 

T + AT 
K-C-AV 


wave 





a 



ft4C = (p + ApX4)(C - \V) 



C 




p + ip 


{$, 1 0) 





or 


pA - (p + dpM = (^C)fC - iV - C) 


( 9 , 1 1 ) 


Ap = pC AV 


( 9 . 12 ) 



( 9 . 13 ) 




( 9 . 15 ) 



( 9 . 1 6 ) 


4ft/s) * 49[r(°R)] lff 

a(mjs) * 20jT{K)] l/2 



Material 

d, fi/< 

a, m/s 

tia*es: 

h 2 

4,246 

1,294 

lie 

3,281 

1,000 

Air 

U 17 

340 

Ar 

1,040 

317 

co 2 

873 

266 

CH, 

607 

185 

3 - ,g UF 6 

297 

91 

Liquids: 

Glycerin 

0.100 

1.860 

Water 

4,890 

! ,490 

Mere tiry 

4,760 

1,450 

ti-fliyl alcohol 

3,940 

1,200 

Solids:* 

Aluminum 

3 6,900 

5, 1 50 

Steel 

16,600 

5,060 

1 lickory 

13.200 

4.020 

Ire 

10,500 

3,200 


* Plane waves . Solids al so have a shear-mnv 



(9. 1 8) 


E 

- 3 (! - 2 a-) ( 9 . 19 ) 

A 



Oc o - (kRT)' n = [ | ,40(297X5 73)] 1/2 - m m/s 



+ U'7 + ^z, - /f> + jVI + #z 2 - q + W v 





h 1 + ^V'f = + 2^2 = 


(9.2 1 ) 



(9,22) 


h + jV' 2 = - const 


cJ + {V 2 - 


cj 


(( 


(9,23) 


V 


] 1 1LI X 




( 9 , 24 ) 


l + 





or 


I 4- 


(k - l)V 





(9.26) 





Atts. (jf?) 


/HO, = p\{\ + 0.2 Mitf) 3 ' 5 = (170 kPa)[ 1 + 0.2(0.67) 2 ] 3 5 = 230 kP;t Aiis. id) 


Pin 230.000 N/m : 

RTfn ~ [287 m 2 /(<r ■ K)]{349 K) 




A ns. (.{:) 


V m3l , = V2t'J a - \fl\ 1005 m 2 /(s s • K)l(349 K) = 837 — 


,4 m'. i.c) 


V* = 


' 2k 

1 RT (] = 


V k + ] 


\ ( L4 + I ) 


287 

s' - 


K 


(349 K) = 342 — 

s 


A ns. (/) 







= 349 - 


(290 ru/s}' 


2[ 1005 m7(r K) 


= 307 K 



T, 


Pa2 ~ P±\ 


02 


r. 


mt is / 349 K 

- 035 307 K 


1 .4/0.4 


= 211 kPa 


An6\ {£) 


— 1 h(x) < R(x) 

dx 


( 9 . 36 ) 



Wall radius; of 
curvature R(x) 


iu) 




a 


b 



p(,r)V'(.v)^{.v) = fit = con Si 


( 9 . 37 ) 


dp dV dA 

— — i h — 

p V A 



( 9 . 38 ) 


Momentum 
Sound speed: 



dp = it 1 dp 



dY dA I _ dp 
V 7 A Ma 2 - 1 _ P V 2 


( 9 . 40 ) 


Duct geometry 

SuliNOim .Via < 1 

Supersonic Ma> l 


dV< 0 

civ > 0 

> dA > 0 

tip > 0 

dp < 0 

\y 

Subsonic diffuser 

Supersonic nozzle 



dA < 0 


dp < o 

Subsoil ie nozzle 


dV< 0 
dp > 0 

Supe iconic dilfuAei 1 



max 



Subsonic Via - I -Supersonic 





Subsonic: < 1 Subsonic: 


(Supersonic: | Supersonic) 




pVA = p*V*A* 

A - £l m 

A* ~ p V 


( 9 . 4 1 ) 


i* 


P* Pi 


Pit p 


k 4- I 


1 , 

\ + -j (k - 1 ) Ma 


i m - 1 ) 


P 


( 9 . 42 ) 


V' 


( A - ftr *) 1 ' 2 _ 
V 

Ma U + I 




A_ _ 1 (1+ 0.2 Ma 2 ) 3 
A* ~ Ma 1.728 



4.n 

3.0 
2.5 

2.0 


5.0 

0.5 

Oil 



0 


0.5 


\ 


1.5 

Mach ru,mbci' 


2 



1/ft ]> 


m 


I l'lii 


= p*A*V* = Pa 


- 1,1 m 


o 


k + 1 

a/2>ft+ ii/ft 


A* 


2k 

RTo 


k + S 


- 1) 


k + 1 


A* f >o( RT 0 ) 


V2 


(9.46//) 


0M4lp„A* 

Wlraax = O.dUTAW/Jr,,) 1 '' = 10 


(RTa) 


,i a 


(9.46(f) 



Pfo 

1.0 

0.98 

0.9? 

0.9 

0.8 

0.7 

0.6 

-■0.5283 

[auction 

0.0 

0. 1978 

0,3070 

0.4226 

0.5607 

0.6383 

0,6769 

0.6847 




A/A* = (1/Ma)*((l + 0.5*(Jt- I)*lVla A 2)/0.5/(Jt + 1)) A (0,5*(A- + !)/(/:- 1» (9,48) 




= T L + 



2 Cf, 



(180)- 

2(1005) 


- 486 K 


Arts, {a) 



Arts* (b) 


'Hie local sound speed <t\ = VtftT] =* [El-4j(237K470>] Jfl = 435 m/s. Hence 


V, 180 

Mai = — = — = 0.414 
<Il 435 


p 0 = p,{I + 0.2 Mai) 3 * = (500 fcPSt); 1 + 0.2(04 14)^] 33 = 563 kPa /I ns. (t) 


2 15 . 5 


A* 


(I + 0.2 Ma ^ f = [t + 0.2(04 14> 3 f 
1 .728 M:i t “ 1.728(0.414) 


1 .547 


or 


* = 


1 .547 


0.05 nr 
1 .547 


- 0.0323 nr 


Ans. Ui) 



Pa 4 * 

VXT 0 


= 0. 


(563, 000X0. 0323) 


V(287X486) 


- 33.4 kg/s 


A ns, (i d ) 


tfi 


V2 87(486) ,'2(14) 


(.0.8 80 r' 1 J [ ! - (0.889) 


563,000(0.05) \ 04 


,M ' W I = 0.444 rii - 33.4 — Ann. Ui) 

St 


A2 — 0,036 
AS tar = 0.0323 

A2 /As tar = (1 + 0 *2*M&2"2 ) "3/1 .2 A 3/Ma2 


Ma 2 - 0 . 6*758 


AnS. (s') 


Po 563 kPa 

; I + 0.2(C,676) 2 f - s “ 1,358 


415 kPa 


Ans. (e) 


m 2 - 1,4001 


A ns. (f) 


Pa 


563 kPa 


[1 + 0.2( 1 .400 1 r J 


,2 ij.ri 


= 177 kPu 


Ans. (/) 


3.183 



. 2 !^ = 3 ' 0 ^ 7(500) "" - . 1 

0.6847/f (i 0.6847(200,000) 4 


-]!2 


or 


£«■»*■ 10.3 cm 


Arts. («) 



_ 200,000 

[I + 0.2i2.5) 2 f 3 “ 17.08 


1 1,700 Pa 




T tJ _ 300 
L + 0- 2(2.3)" “ 2.25 


- 222 K 


Am. (c) 




2.5 [ 1 .4(287X222)] w - 2.5(209 m/s) - 747 m/s Arts, id) 


A e = [1 + 0*2J ff = 

A* 1.728(2.5) 

or A t = 2.644,* - 2.64(0.0083 m 2 ) = 0.0219 m 2 = | <nD\ 

or D e = 16,7 cm Arts. (c) 




Continuity; 

P'.Vi 

— pi Vs ' G = const 

(9,49a) 

Momentum: 

p 1 ■ 

” Pi - P 2^2 Pj^I 

(9.4%) 

Energy: 

hi + 

= /!•> + 7 Vi = A ( ) = const 

(9.49 c) 

Perfect gan: 


Pi _ Pi 

PJ\ p>T 2 

(9.4%) 

Constant c' p : 

/? ~ 

= CpT k = const 

(9.4%) 



] 


2 


iPi ~ /»i)l 


Pi 



Pi _ 1 + fjpjp i 

Pi J3 + P2/P1 


0 


A- + 1 
k - t 


P2 

Pi 






In — — - 


Pi 

Pl 


*2 h 

Eq. (9.51) 


c v 

0.5 

0.6154 

0.6095 

-0.0134 

0.9 

0.9275 

0.9275 

-0.00005 

1.0 

1.0 

3.0 

0.0 

1.1 

1.00704 

1 .00705 

0.00004 

1.5 

1.3333 

1.3359 

0.0027 

2.0 

1.6250 

1.6407 

0.0134 


P2 

Pi 


! 

m 



(9.54) 


PiVVp\ = kV]HkRTo = k Mai. 


!h 
P i 


1 

k + 1 


[2* May - (k - hj 


p-> \ 4- k Mii| 
p\ 1 + k Ma? 



(k - t ) \1ai + 2 
2k May - (k - U 



V 


fa _ (k + l) Maf 

Pi ~ (k - I ) Mat + 2 ~ V 2 

f , , vw 2l 2*Ma] -(k - I) 

[2 + (fc 1) May ] n 2. ( 2 

(k + 1 ) May 


Tvz - Ti n 


_ pai _ 

(k + 1) Ma] 

i.M 1> 

k + 1 

A>l! 

2 + ik - 1) May. 


.2 k Ma; - (k - l) 


Af _ Mas 
Af “ Ma, 


2 + ik - I) Ma] 
2 + (k - I) Mai 


(J/2X*+IK* 1) 





5 


4 


3 





Air Force Arnold Engineering Development Center b 


a 
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^Ihmil ^ * 1 HI 


^ I 

Af 


2m z 

J n? 


= 2.0 = 


Ma 


i 


(1 + 02 Ma]) s 
E.72ft 


solve for 


Ma t = 2.1972 




Pm 

( I + 0.2Ma7) 3 ’ s 


300 kP* 

[J + 0.2(2.] 94 ) 2 ] s - 5 


=- 28.2 k Pa 


Ans- (p) 


Pi 


k + 1 


[2k Mai - (* - I )] 


28.2 fcPa 
(1.4 + I) 


[2( 1.4 1(2.194)’ - (3.4 - I]] - 154 kPa Ans. (t) 


p 0 2 ~ 0.628^01 = 0.628(300 kPa) * 388 kPn An*, (o 


A*_ = 1.594? = 1.590.0 m") 1,59 m- Am. id) 



P»% = Pm ^ 188 kPa 


Arts, (e) 


A$ « At «= 1 .59 irr 



— ^02 — To. — -^00 K 



4* = 3 nr = l Q + 0.2 Mas) 3 

A* 1 .59 m 2 ‘ ' Mi a 3 1 .728 


solve for 



P:< 


Pa: 


188 kPa 


( 1 +0,2 Mai )* 5 




[1 + 0.2(0.33)" 


174 kPa 


Am. (g) 




Ibf/in 2 

R 


abs 


c 


1 


C - y, /J| = 14.7 M/in 2 absolute 7' : - 52CTR 
V' = V'j - V, p 2 = 200 lbf/ in 2 absolute 


It | ** tyr\ n = 1 117 ft/s. 


p 2 -00 Ibf/in 2 absolute 
Pi E 4.7 Ibf/in 2, absolute 


13,68 





(2.8 Mat - 0.4) 


or Ma, - 3.436 


C = V, = Ma, a, = 3,436(1 117 ft/s) - 3840 ft/s 


4jj.v. («) 


V'f = 2^(7, ■ T 2 ) + V\ = 2(6010X520 - 1679) + (3840)- = 815,000 


or 


V, ~ 903 ft/s 


a , ^ 497 l f - 2000 ft/s. 


V = V t - V 2 - 3840 - 903 - 2940 ft/s 


Ana. {h) 



Jet 

b<.miul:n , y 





a 


c 




* l-J 


hence 


“ = 0,5283 or p* - (0,5283X120 kPa) - 63-4 kPa 
Po 



mVRT tl 


Apa 


/ 2(1,4) 
V 0.4 


(0,75) :/l ' J [i - (0.75)' WJ ' 4 ] = 0.6052 


, 0 . 4 / 1 4 1 _ 


- (0.0006X1 20,000) „ , 

■ = u6m - VMWOO, ' ■ 01 29 '*'* 


Ax 


s, un 



for 


P, = lh - 90 kPa 


(/<() 


p .. = p* — 63.4 kPa 


Ans. (h) 


= «nu« = 


Q.6K4?P qA , . 0 . 6847( 1 20,000)(0 . 00% ) 
{RT o) 


i/2 


1/2 


= OJ45ke/s Atts. (b) 




/ J 0 

(c) 

a 


b 


c 




:=^ 



or 


A ns. (a) 


Also 


— = '1 + 0.2(2.95) 2 ; m = 34.1 

p t 


Ji> 


.lun 


1000 k P-A 
34J 


29.3 kPa 


Basil'll ^m;.\ 


0.6847a;, A, 
t/fTp) 1 -- 


0.6847(10* Pa)(0.QQ2 m 1 ) 


287(500)] 


1/2 


Ans. (a) 


= 3.61 kg/s 


or 


— = “ '2.812.95 ) 2 - 0.4] - 9.99 
Pi 2.4' 

Pi = $Mpt = - 293 kPa 


p,. — pj, — 300 kPa 


ns. 



II IMS 


= 3.61 


A ns. ib) 


[ t + 0,2(0.;I47) 2 ] 3 ' 5 - 1,01 52 


or 


Po 

Pe 


I MX) 
i .0152 


985 kP* 


p — p : . — 900 kPa m = m AUX — 3.61 kg/s 


(c) 


Control volume Ddx 



* dx 


x 


X + dx 


Continuity; 


or 


p\ = — = (7 = const 
A 




(9.6(b) 


x momentum: 


Or 


x “ (P + 


— tjttD dx — m( V + dV “ 1 ) 


4t dx 

dp + — + pV dV = 0 


(9. 60/j) 



or 


h + {V- ~ h 0 c p Tt = c p T + \V 2 
c s> dT + VdV = 0 


(9.60r) 


p = pRT or 




dr 

T 




= ifpV 2 - ifkp Ma 



v - = Ma ? kftT 


2 dV = 2rfMa tjT 
V ~ Ma + T 


(9.63) 



-k Ma 2 



dx 

~D 


(9.64«) 


dp _ k Ma 2 dx 
p ~ 2(1 - Ms?y D 



(9.64 h) 


^ = ^ -I * Ma*/- 

Pa Po 2 ■ D 


(9.64c) 


dT 

T 



dx 

1 J 


(9.64tf) 


d Ma- 
Ma 2 


* Ma = 1 + Kt - liMty * 


I - Ma 


D 


(9.64*0 


Piroperfv 

Subsonic 

Supersonic 

P 

Decreases 

Increases 

P 

Decreases 

Increases 

V 

Increases 

Decreases 

Pc, Pc 

Decreases 

Decreases 

T 

Decreases 

Increases 

Ma 

Increases 

Decreases 

Lntropy 

Increases 

Increases 


/?*, p* f T*\ and p% 


p/p*, TfT* 



]_l) 


•L* 





1 - Ma 


-Ma 


3 k Ma 4 [ I + - 1) Ma 2 ] 


d Ma 



jl* _ 1 - Ma 2 k + J jk + 1) Ma 2 
D ~ k Ma- + 2k n 2 + (* - I ) Ma 2 


(9.66) 



( 9 . 67 ) 






Thus 


- \L 0.024 \L 
* D ~ 0.02 m 


— ) - f 4 ?) 

& / Mm 0.1 V & / Vt :, i ».? 


- 66.9216 -■ 1.0691 = 65.8525 


„ 65,852510.02 ni) „ 

A ' ^ 55 m 


4/j\. (wj 



M - - (!£) - IJOHI 

^ \ D | a Q5 


or 

iJf 1.0691(0,02 m) 

0.024 -°’ m 

.•Iijja (b) 



Ma 


k + I 


2 + (k - I ) Ma- . 


1/2 


(9.6&/) 



Ma 


2 + a - 


k + I 


1/2 


(9.68/j) 


_r _ £_ _ k + I 
r* ~~ a* 2 - 2 + (k - 1 ) Ma 2 


(9.68 c) 



2 4- (A - I) Ma 


( 1/2H* -i- })ftk~ 1) 



k + i 


(9Md) 


El - El 1 — 
pi p* Pi 


(9.69) 



b LD 


d LD 


L D 
c LD 


a L D 





Thus 


L* 


whence 


T, = T 


1 1 /? 
1 


= 500 


t< 100 rnfsr 


° c fr 1005 mV' is. 

a, = {kRTy) 112 « 20(495) ] '' 2 = 445 m/s 


= 500 - 5 - 495 K 




M.O 


(fL*/D)D 



1 1 .0(0.03 m) 
0,02 



Ans ■ Ut) 


pa | _ 200.000 Pa 
KT n ~ 287(500 K} 


] ,394 kg/m ' 



An 


[I + 0,2(0,225 f p 1.0255 


1 .359 ktr/m 3 


i» - PiAV t = (1.359 ke/m 3 ) 


■7 (0.03 m ) 3 
4 


[ 1 00 m/s ) 


= 0.0961 kg/s 


Ans. 


L* = S = 30 m 




0.02(30 m) 
0.03 m 


= 20.0 



fLD - (1 - Ma ft 2 ) /k/Ma A 2 + (k -t- 1) /2/k*LN{ (k + 1) *m*2 / {2 + (k- l}*Ma rt 2) ) 


— 0.174 (23 percent less} 


To 


1 ' Tl “' 1 + 0-2 (0.174 ) a 


= 497 K 


a lrIlsW " 20 (497 K) - = 446 m/s 


Vi . new — -Si — 0 . 1 ■■ 4 (446) — ^ * 6 m/s 


Pi .. nlaw 


P Cl 


'1 - 0-2(0.174) 1 


2 n 2 .. 5 


— 1,373 kg/fli 


3L 


IKjL^ — PlAVi — 1,3*73 


77 


T ( 0 , 03 


(77*6) 


- 0,0753 kg/s (22 percent less) 


A ns , ii') 



2(Pi ~ Pa) 

faVi 



]L 


max 


D 


1 - k Ma 
jfcMa 2 


+ In (k Mr) 


( 9 , 71 ) 




= MaA l/2 

P 


( 9 , 72 ) 


2p dp 

G 2 RT 





P 


2 



G = — = 


P T 


P 2 


/?7 (./!/£> + 2 In ( p ] 





f/jyo + a- + i) inav^i) 


(9,74) 



P 


2 


2a?) - 


(* 







fL , _ Pl (0,025 X Um) , _ 220 

— + 2 In — = — - + 2 In 

D p 2 0,01 m 140 


(220,000 Pa)- - ( 140,000 Par 
[287 mV(s- ■ K)](300 K )( 3 .004) 



or 


3.904 

G = 293 kg/(s - nr ) 


m - GA ~ (293X7.85 B-5) * 0.0230 kg/s 


Atis. (a ! 


Pi = 


El - i -w -wo 

ftf ~ (287X300) 


= 1.626 kg/m 


G 293 

l', = — = — — = 180 

p s 1 .626 


Oi' 


Mai “ 


V, 


ISO 


180 


X'Wl ' ' 1 . 4 ( 287 )( 300 ) ] L '~ 347 


0,52 



£L f L 

- 0.3343 Ma 2 =0.5175 — = 3.935 — - 0.934$ 

D- D, 


p :H = 67,0^2 Pa ih = 0 .0.233 kg/s 


Am. (7?) 



Control 



*2>P2* *2’ M>2 


Continuity: 

P,V, = p 2 V 2 = C = const 

(9.76a) 

a - momentum: 

Pi “ = C?(V 2 - Vj) 

(9.76/i) 

Energy: 

Q = m(h 2 + \V\ - h- - M) 


or 

Q &Q , . 

<7 = -V = = A 02 " A 01 

m om 

(9.76o) 


P2 

P2T2 


JlL. 

Pi? i 


hai ~ ??oi _ CplTtil ~ ?oj* 


V 2 Ma 3 <i, Ma 2 (TA 112 


(9.77) 




! 1.5 

Mach nu ruber 



Hearing 

Cooling 

Subsonic 

Supersonic 

Subsonic 

Supersonic 

r 0 

Increase?; 

increases 

Decreases 

Decreases 

Md 

Jncrea se.s 

Decreases 

Decreases 

Increases 

P 

Decrease 

increases 

Increase* 

Decreases 

P 

increases 

increases 

Increases 

Decreases 

V 

Increases 

Decreases 

Decreases 

Increases 

Pij 

Increases 

Increases 

inctrases 

Increases 

j 

Increases 

Increases 

Decree 

1 decreases 

7 

$■ 

increases 

j- 

I 

Decreases 


'increases u|> h* Ma = I flt J 2 ajfcd decreases ihtreafLfr. 
t Decrease:- up to Ma I fl 1 '' and Fncreise> l hereafter 



T* w p 


P*. 


y* 


s and pjv 


7^ _ (k 4- ]) Ma 2 [2 + {k - 1) Ma 2 ; 
If (1 + Jt Ma 2 ) 3 


(9.78(7) 


(9.78/j) 


T _ (k + I ) 2 Ma 2 
?* ” { 1 + k Ma 2 ) 2 

JL - k + 1 

p* ~ l + k Ma 2 

V_ _ p* _ <* + 0 Ma 2 
V* ~~ P ~ 1 + k Ma 2 


(9.78c) 


{9.im 



k + I 


1 + k Ma- 


2 + (k - 


2-i 


k + 1 


J 5/U - I ) 


(9.78c) 


7 til = + VV(2 c„) = 300 + (75r/l2( 1005)] = 303 K 


~ C p {T m k |- ) j ) 





+ — = 303 K + 

r,. 


900,000 J/kg 
1005 J/( kg ■ K ) 


= 1199 K 





T u /I^ 6 = 0.6540 


Ttft/Tfi = 0.6540 


U < a 




Limning 

Mach 

wave 


U = a- 


'[>[11 cal pre-^ure 
disturbance caused 
h\ j>Lirtii_ li_- jia&sagc 


U > a 




jx — ftin 


Zone of 
silence 


Supersonic 
Mach wave 


Zone of 

action 


-\ 



a a 



c 





a 5i 

USf 






(9.79) 
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lari jit 


5 km 
9 km 


0,5556 



jit = 29.05“ 


Ma = c,sc'u ; = 2.06 


Arts. 



Oblique shock wave 



Deflection 

angle 


> a 


ni 


Shock 

angle 


Continuity: 

■* 



Normal momentum: 



Tangent sal momentum: 0 — piV„i(V t 2 ~ V,.j) 


Energy: 


h 


_i_ 1 lfi - 

1 2 V Hi 


+ 


2 1 ’ n ~ 


h-> + \V.,2 + IV 


: v ni 


l v l2 


lift 


(9.80t») 


(9 .80*) 

(9.80c) 

(9.80^6 


V-2 — V a — V t — const 



Ma„i = 


V 




<h 


M&i f»itl fi 




(h _ 1_ 

Pi Jt + 1 


sin 7 fi - (A - l)J 


(9,83tf) 


(A + ! ) Mar sin 2 0 V 


fll 


p-, tan 0 
Pi tan (J3 - 0) (k - 1) May sur 0 + 2 V l: , 




r = [2 + (Jt - 
1 


1 ) Mar sin’ 0 J 


2k Mat sin 2 0 - (* - 1) 


7 i 7 - 7 


(A- + 1 )" Mai sin 0 


(9,83c) 


Zu2 — /«>i 


(9.83d) 


(A + J) Mat sin 2 0 

i/a n 

A + 1 


i.2 + (it - l) Mat sin 2 0. 


_ 2A Mai sin 2 0 - ( 

A - 1):J 


t/f * i ) 


(9.83c) 


-i (A — 1) Ma,,i + 2 
■1 ‘ H . ■ ■ 


Ma& = 


2 A Ma^i - (t - Ei 


(9.83/) 



V«i 


— tan 


A 

V«i 





= &n 1 r [/Z — ran 1 I‘ U1 


V. 


r = 


ii 


V, 


( 9 , 85 ) 


m2 


Vy 



V.Vnk shock faniilj 
abtfvc slhih- ink* ■ 


Ms, > li 



ittfl 


llli\ 



Sonic line 


rumilv 

bpli.T-v Wflll,- 1 1 Ml 1 


VI. r 


Sunk; IfiK' 


Ma > I 


m 


a 



2 cot fi (Ma^ sin 2 fi - I ) 
Ma| (A + cos 2/3) + 2 


( 9 . 86 ) 


Defied ion angle 0 











90 ° 


Wave angle ft 



J0 = {X = sin 




k “I - I i 

sin fi — sin pi- + tan 8 + -■ + 0(tan - 8) + (9,88) 

4 cos p 


P2 - P I 

Pi 


k Maf 


{Met i -]) lp ~ 


tan 8 + - ■ ■ + 


8 ) + 


( 9 . 89 ) 



Plow deflection 9 


>'2 — *Jt 


( 9 . 90 ) 








fi - 39 . 32 ° 


dtfs. {«) 



Ma„-, = 0.803 1 " = 1 .70? 

P i 



Ma.2 

sin (j3 - ff) 


cmm 

sin ( 39 , 32 ° - 10 °) 


1.64 


Arts, ifr) 


p 2 = (10 M/iir absolute >( 1,707) - 17.07 lbf/in 3 absolute Arts, (c) 


sin J0 * sin 30° + " 4 Ul1 ^ = 0 

4 COS 30 


or 


13 « 38.5° 


Atu. id) 


Pi , , tAQfimUr 

— =* I + 7^ T7T- = K57 


01 


(2- - l) 


E/2 


or 


1 .5 7(10 lhf/iii 2 absolute) J 5.' 7 Ih f/n\ 2 absolute 


A ns, (t T ) 




Ma > I 


Ma 

decreases 


Mach 

waves 




Ma 
increases 


Mach 

waves 



Ma- < Ma | 


Oblique 
shock 




id) 


a 


c 

d 


|S ~ fi = 



1 

Ma 


(9.9 k/) 


(9.91/)) 


dp 

P 


dp 


dd 


m = 


d(ji — 


reu 

( 1(0 

j 0 


k Ma" 





(9.92) 



V = M a a 

dV _ d Ma , da 
V ~ Ma a 


a = Oq{ \ +Uk~ 1) Ma I 2 ] ]f 2 

da “ 5 (jfc - I ) Ma d Ma 
a \ ■+■ ^{k — I ) Ma" 


(Ma 2 




I + kk - 1) Ma- Ma 


m oi = 0 at Ma = I (9.97) 



d Ma 


Ma 


(9.99) 


where 


<o{ Mu) = 



ran 



Ma 2 - \ \ l/2 
K ) 





k + t 
k - I 


7 (A 4 " - 1) = 130.45° if * = 1.4 


(9.100) 



CO 


Ma 



Mach number 





(9.101) 




Ma 2 -4.32 


A/7\. (a) 


Pi = 


pit 


7347 


1 1 + 0.2{4.32>^P 2-30.1 


= 31.9 kPa 


An$. in) 



(ft) 


Via, = 2. 125 

Pa 

[l + 0.2 (2.1 25)^' j" 


L 

Mai bC 


7347 

y>j 


= 77? kPa 



/> 

*kp x Mai bC 


Ans, (ft) 


(.9 . 102 ) 




/>- 

!>(u 




a 


b 



L - /-'cos 8° = 216 ftN Awi’. (c) 

D = F sin r = 30 kN Am, (d) 



216 kN 




0.246 


AfiS. (u) 




( 9 . 103 ) 


^ ip 2 ~ p*)bC 
1 ~ \kp.-,._ Mai hC 



( 9 . 104 ) 



(9.105) 



C; lan ft ~ C/ft ^ 




(9. 1 Oft) 



« + 2 ^ + ^ 


(9.107) 



4(0. [3%) 
(2.5- - I )' n 


= 0.244 



4(0. 1 396)' : 
( 2 . 5 2 - l) l/2 


0.034 



- V CT 

C 


= 0.5 + 



(9,108) 



1 

2 


1 

2 



Choid length = 2 m 



A Cl) = 6 s 


M;i 

Pq*> 




2.? 

100 k Pa 
1 709 k Pa 
30.124° 


p 4 = 1 40.9 k Pa 


A <» = 4' 
e> 5 = 49.124 s 


o . >2 = 28.72 1 
p iYl = 1068 kPa 

/>., - 186.4 kPa 


9.19: MaJ.&C = 4(1.4X100 kPa)(2,5) 2 (2 m 2 ) = 875 kN. 



216.2 kN 
875 V N 


0.247 


32.4 kN 
875 k N 


0.0370 


4 ns. (a) 



4(0.13%) 
(2.5 2 - 1) |;1 


0.244 


4fli'. (/?) 


si wp 

_■ ji 


W 1 = tan 1 2° = 0,00122 



c D = 


4 


(2.X ~ t) 


I .'2 


; CD. 1 3^6> 2 + \ <0.00122 + 0.00122)1 = 0,0362 Ans. (f>) 



Laboratory, Aberdeen Proving Ground.) 


(Courtesy of U.S. Army Ballistic Res ear cl 



DFRC, NASA.) 


(Courtesy of the X-43A Development Team , 
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P9A-P9 9 

9.2 

The speed of sound 

P9.1Q-P9.18 

9.3 

Adiabatic and i sen tropic flow 

P9.I9-P9.33 

9.4 

Iscntropic How with area changes 

P9.34-P9.53 

9.5 

The normal shock wave 

P9.54-PS.62 

9X> 

Con veiling and diverging nozzles 

P9.63-P9.85 

9.7 

Duct How with friction 

P9SG-F9.I06 

9.8 

l mt ion less duct flow with heat transfer 

P9.107-P9.115 

9.9 

Mach waves 

P9-M6-P9. 121 

9.9 

The oblique shock wave 

RM22-P9.139 

9.10 

Prandtl-Meyer expansion waves 

P9.140-P9.148 

9.10 

Supersonic airfoil# 

P9.149-P9.157 


IOQ n C 



80 k Pa 



' 


f 20 k Pa 


p0 = P + 


■2 


I 


p + j- f>V 2 \ 1 + — Ma' + 


l 


24 


Ma J + 


Air at I00 D F 






crcurv 





mfa 


his li Sated tank 


p 0 W 

W 

Volume V 



v 

r 




V‘ tlL tfi e 


Measurements 
Of tank 
pressure and 
temperature 





0 

0 


! id 2 in 

.c 


Insulated 



V,, m v 


I at El i 



Air ill 

100°C 


14 cm* 

1 0 cm* I 
I I 



Shock 


1 

I Sea-level air 






Pi\A lC { ! + k Mil") 


k - I 

+ — - — Ma; 


MU 



O 

O 

O 


O 


O 




0 3 cm 2 




p 2 = 1 00 k Pji 



T, - 30‘C 






24 — + 2 In 


k + t D 




D = 4 cm 





550 

kPa 

100°C 



Pf = 30 k]^i 


Coiivergiiig 

nozzle 


r = 0: 
200° C 
300 kPu 
3 m J 




P) 


/•\ J 


= IfJOkPti 



» 



Shock 







IVhh: ;?2 


Ma^ 3 
/> = 100 k Pa 




Ma = 3.0 
ft = 100 kPa 


Ma i> I 




sin" 0 = 



U' + I ) sin 0 mii t> 
2 cos 10 — H} 










Mai] = 3 


p x = 1 00 k Pa 



!70° 


p — 10 kPa 

r rl 




Pi = 



7 


' T - 500 K 
p = LOO MPa 
Air {ft ■ 1.4) 
Volume = huge 



Tank u 



Volume - 1 00,000 L ' 
7’ = 20.0 °c. 






V. 


Tank h 


Throat area — 0,07 nrv 


430 K 


pRT 

\ - A,/j 




~ = 9.0 x 10 s lbf ■ ft J / slu 

hAp, 


hi = — — L — 0.65 frVslug 


r \(cm) 

0 

1.5 

3 

4.5 

6 

7,5 

9 

Diameter (cm) 

1.00 

1.098 

1.195 

1.293 

1390 

1.488 

1 .585 

fWi (pKlg) 

7.7 

-2.6 

-4.9 

-7J 

-6,5 

-10.4 

-7.4 

Pjlagntfiuu {pSlg) 

29 

26.5 

22.5 

18 

16,5 

14 

10 


Comfcu&Eion 












(a) i^) 

a b 




Q = V(jt)AU) = const 


( 10 , 1 ) 


2 * 






( 10 . 2 ) 



Di , = hydraulic diameter 


AA 

P 



{ 1 0 , 4 ) 



GVF 


V 



GVF 



How velocity 
surface wave speed 



[ 1 0 . 5 ) 


or 


Fr < I 0 

subcritical flow 


Fr = 1 .0 

critical flow 

(10.6) 

Fr > 1.0 

supercritical flow 





Fixed 

wave o_y 



ih) 



pvyh — p{c — Sk)( v + oy)h 




v + Sy 


-81/ 


pMiy + Sy> 


a 


£ |0,7) 



2,0 log 


no. i5> 





( ! 0, 1 ft > 


a = 1.0 SI units n = L48fi BG units 


( 10 . 17 ) 


■ 


Wl'IMjL- M 1 LI L! > I II L-'. ■ 

ht-lulil f 



f? 

■n 

mm 

Artificial Jtnt'il channels; 

Glass- 

0 .010 ±0.002 

0.001 1 

0.3 

finish 

O.OR1 ±0,002 

0.0019 

0.6 

SlnT .smooth 

0,0)2 :± 0,002 

0.0032 

1,0 

Painlcd 

0.0)4 ± 0,00? 

u.ooao 

14 

Riveted 

0.015 ± 0.002 

0.012 

3J 

Cast iron 

0X31? ± 0,00? 

0.0051 

US 

Concrete* finished 

0,0)2 ± 0,002 

0.0052 

1.0 

L l ||Cil|4s1|c_-iJ 

O.OM 1 0.002 

0.00*0 

2,4 

1 F b . s i il' 4.1 wooil 

0*012 t 0.002 

0.0032 

LO 

CJ;iy life 

0.014 ± 0.003 

O.flOftO 

2.4 

Brickwork 

0.015 ± 0.002 

0,012 

3,7 

Asphiill 

0.0 10 ± 0.003 

0.01 s 

5.4 

Comjjtwixi meml 

0,022 ± 0.005 

0,12 

37 

KubMc masonry 

0.025 ± IMK>5 

0.2ft 

80 


Rivaled earth channels: 


Ck'dtri 

0.022 ± U.004 

0,12 

37 

Gravelly 

(1,025 ± 0.005 

0J6 

SO 

Weedy 

0.030 ± 0,005 

0,8 

240 

Slony f cobbtes 

0.035 ± 0.0 10 

L.5 

500 

Ndlural chdnrdjit 




Clean and tfrai^hi 

0 030 ± 0.005 

0.8 

240 

SSiicgjsli. deep pooLs 

0.040 ± 0.0 10 

3 

900 

Major rivers 

0.035 ± 0.010 

L_5 

500 

Floodplains: 




Pasture. farmland 

0.035 ± 0.010 

1+5 

500 

Light bni?4i 

0.05 ± 0.02 

ft 

2000 

Hfiatw brush 

T 

S 

+1 

Vi 

15 

5CKMJ 

Trees 

0.15 ± 0,05 

■ 

*1 

m 


* A tntiie ccHTipleiL*' hsi is jihiii in Rtf 2, pp. I lo-N.i 



(HUS) 


G = M 



UO. 19) 





A — by — hihfli 




Q = 


it 


-ARfS™ 

II 

Clean this up: 



fr/2 


J.4A6 


h + 2 (b/ 2 ) 
fr 


h 

4 


0.015V 2 


— - { 0 . 006 ) 1 '- = 100 


IS 


= h5,7 solve for h **= 4,8 ft 


. \ltS 


No(e: See Fig. 10.7 
for generalized 
trapezoid notation. 


bn = 6 ft -H 2y„ cot 50'~ ,4 = 1(6 + = 6y u + vj; col 50° 

/> = 6 + 2H/ = b + 2v #J esc 5T 





300 = 


<6.v„ + * w«a>» 

0,0! 6 \(> + 2jft,csc50r / 


or 


(6v„ 4 i£ 001 50“) V3 - 83.2(6 + 2y„ esc SOV 3 


U) 


P 17.95 


A ~ 45 . 04 


R. “ 2 . 509 


y n - 4.577 fC 




I 




V 

D 


a 






yin 2ft \ 
20 ) 




sin 2f} \ 
28 } 



Q - VqRH 8 


sin 28 


{ I Oh 20) 


"Pi 

n 


V riia * = 0,718 -fi^Stf 2 at 0=128.73* and 


g inax = 2A29-R m Sh /2 at 0=151.21° and 


n 


Ml 


v = 0,8 I M) 

r 1 ’ 

v = 0.93SD 


(L0.21) 



A — by + fiy 1 $ - COl fi 


no. 22) 


P = b + 2W-b + 2v( I + f$ 2 ) m 


( 10.23 > 



- J0 v + 2y( 1 +■ 0Y 2 


f L 0.24 ) 


A - v 2 f 2{ 1 4- 0)' 1 ' 2 - j8] P = 4vO + 0~) m - 2 R lt = jy ( 10*25) 


h — 2y 


1 1 0.26) 



P = 4y Rj j ® y 


2j3 = (1 + 0 2 ) 1 ' 2 £ 

0 = 6 ( 1 “ 



1 

2 



or 



1.0 

0.015 




( 0 . 001 ) 



(10,27) 




I .S82 m 8/3 


v = 1 .27 m 


Ans. 





2.53 m 


1 

2 


Q = 


1.0 


0 . 0 1 5 


&2I4)(0.681 ) 2 *(0,00 1 ) lf2 - 5.25 m Vs 




l 3.2 1 4X0.7 1 5)’ / \0,G0 1 ) 1/2 


= 5.42 itl'Vs 




( 10 , 28 ) 



y 



alternate 



( 10 . 29 ) 



( 10 , 30 ) 


^inin £■( 3V) 



( 10 . 31 ) 


{10.32} 




{ 10.33} 



(10.34) 


(q 2 \ lfi { SO 2 \ m 

» = [ ~ I - - 4,27 ft Atts. (a) 



{ 10 . 35 ) 





( 10 . 36 ) 




( 10 , 37*0 



( 10 , 37 *) 





or 


(1038) 


Or 



/?o 


a 


2 


= CM^fA = —A;RTS, 


ft 


I. ,* 

/rV; 


■> 

'J .Si 


^ r § b„ 




Wide rectangular channel: 



P = 2 v esc 50° A — v 2 cor 50® 

■■ ■■ 

R„ = lv cos 50“ - 2 V cot 50''' 


gAl = h<iQ 2 


n(yl cor 5(T) 3 = (2y, cot W)Q 


0, |2 \ i/s 


>«■ 


2® 


if cor 50", 


1 9.8 1 (0.839)\ 


LyS 


- 2.37 m 


Aw. (a) 





16 IT] Vs 
4.70 rcr 


= 3,41 ITi/S 


Arts. (b) 



Ml(0.018) 2 (6.1») _ 
l,0(O,76O) l/a {3.97) 


Ans. (c) 








3 

2 


(L5 m7f>)~ 
9.81 . 


ip 

= 0.9 1 8 hi 


Miaox = £| ~ £ 2 , min = 1-115 - 0.918 = 0.197 m 


An$. {!}) 






+ 


>1 


vi + 




( 10 . 40 ) 


0,61 

L<s ~ V! + 0 \ Hfy | 


Q - CJ-ib V2^>'] where 


( 10 . 41 ) 






ft') 



(f/) 



Fr, < 1.0: 

F^ = 1.0 to 1.7: 

Fr t = 1.7 to 2.5: 

Fi t = 2.5 to 4.5: 


Fi j = 4.5 to 9.0: 


Fr t > 9.0: 


Jump impossible, violates second law of thermodynamics. 
Standing- wave or tmdukir jump about 4 _v> long: low 
dissipation, less than 5 percent. 

Smooth surface rise with small rollers, known as a wrak 
jump ; dissipation 5 to 15 percent. 

Unstable, oxd timing jump; each irregular pulsation creates a 
Luge wave that cast travel downstream for miles, damaging 
earth banks and other structures. Not recommended tor 
design conditions. Dissipation 15 to 45 percent. 

Stable, well-balanced, steady jump: best performance and 
action, insensitive to downstream conditions. Best design 
range. Dissipation 45 to 70 percent. 

Rough, somewhat intermittent strong jump, but good 
performance. Dissipation 70 to 85 percent. 



- !©’i v(v + l) 


(10.42) 


“ - -1 + (I + 8Frf) ,/2 

V) 


( 1 0.43) 



>'2 


(10,44) 



hf ~ E| — E? - 







00.45} 


q _ 10 m : '/(s ■ m) 
V t 1.25iii 


= s.o m/s 




s.o 

[9.8 1(1. 25)] 1/1 



or 


2 v 3 


= -1 + [ I + 8(2.2 85)" 1 1/2 - 5.54 


y 2 = 7 v l ( 5 , 54 ) = |(L25)(5.54) = 3.46 m 


Am. in) 





VVvj 8,0(1,25) 


V) 


3.46 


2.89 m/s 




(3.46 1.25)'* 

4(3 .46) (1.25) 


= 0.625 rn 




= 1.25 + 


(8 .Of 

2(9.81) 


[knee 


Percentage lost; = (100) 



] 00(0.625) 
4.51 


Am. (6) 


,4«.v, (c) 


/Iw, (i/) 


4.51 rn 


= 14 percent Ah.t. (?) 



Am. (f) 


Power - pffqhf — fyiSOO N/m'^ 10 m'V(s ■ m) (0.625 m) 
= 61.3 kW/m 


Power dissipated = mc p AT 

or 61,300 W/m - [ 10.000 kg/(s ■ m)][4200 J/tky - KYAT 

from which 


AT = 0.00 15 K 


Am. (,e) 


Horizontal 



-f- 




( 10 , 46 ) 



( 10 , 47 ) 



( 10 , 48 ) 



( 1 0 . 49 ) 



Solve for: 


v„ » 4. 14 It 



dy _ S ( ,~ «V/fofV w ) 
dx I - q 2 fitly 1 

0.0048 - (0.022) 2 (SO) 1 / (2.208y 1<J ^) 

" W ™ IF “ 

I - (50)7(32,2/) 


with v(0) - 3 ft 


A, ft 

0 

50 

100 

150 

200 

230 

y, ft 

3,00 

3.25 

3.48 

3,70 

3.90 

4,00 


Present example 

\ 



0 


0 


I 

50 


Other S-3 
solution 
curves 


100 


! 

150 


A 


200 


250 


230 A 


/Ifi.V, 


jc -- 230 ft downstream 



(10.52) 



Ely + Av) - Eiy) 
(So ~ S^) 


V 2 

where E = v -f 


~ t[^0) + V(y - 2i/)j; R h AVU = ~[R^y) + R/,(y + Av)]; S A ,. e 


U 2 I/ 2 ■ 

re ^ ii vg 

2 rA^ 


a RZ 


■avp 


* ft 

V itilsi = #0;> 

E = y+ V-/(2|ri 

s 


m = Afi.'is',, - & 

Jr = SAr 

3.0 

16.67 

7.313 

0-01407 

— 

. — 

0 

3,25 

15.38 

ft, 925 

0.01 078 

0,01243 

51 

51 

3.3 

14.29 

ft.6ft9 

0-00842 

000960 

53 

104 

3.73 

13.33 

6.511 

0.00669 

0.0075ft 

57 

101 

4.0 ft 

12.50 ft/s 

ft, 42ft ft 

0.00539 

0.00ft 04 

ft9 ft 

230 ft 








W 2 


Cfilic.il IliK-i 


h' 


Vi 


y£ 


(!l 


<-rw 

Ov/rfdlL 





a 





I j i -j 


or 


v 2 (h) - Vigil + v\ 


+ // — h ** 




+ W 


<7 


V 2 c//j- w 


Arcst 


I V2* 


'// 


(2g/i + V?) t/2 dft 


W? 


/■/ + 


vf M 



<? aw 0 . 81 ($X?g) iy2 // M 


3/21 


Sharp-crested theory: 


( 10,53) 


Broad-crested theory: q 


(10.54) 



Iff 

T 



2 H 

3 





+ 


3 \ w 

2 gj 



- cj>\W a 


(1 0.55) 


tf U 

Wide >har p- crested weir: C rf -- 0.564 + 0.0846 — for — ^ 2 

J ■ 


(10.56) 


Round-nosed broad -crested weir: Q 


0.544 



« 0.001 + 0.2V t/L 


(10.57) 


where 


L 



Sharp-nosed 0.462 

broad-crested weir: 


H 

for 0.08 < — < 0.33 

i j 

H 

and 0.22 < — < 0.56 



Cj ** 0,564 + 0.0846 ^ 7 - — ~ 0.615 

I m 


Q = CjbVgH-' 2 = (0.615)(4 m)V{9.81 m/s 2 )(0,6 m)'® ** 3.58 m’/s 


1 10.58) 


Arts. (if) 



d* , — / 0.0024 m\ r 

— ** 0,001 + 0 . 2 = 0.00 1 + 0.2 ~ 0.00994 

L \ 1.2 m / 


Cj ** 0.544 


i( 1 - 


01X1994 


i/i 


Hi 


\ 0,6 m/] ,2 m 


Q ~ C,jb\W- = 0.528(4 m)V(9.8l nr/$)(0.6 m) 3/2 * 3.07 nr/s Arts, (ft) 





V no tdi : 


(10,59) 


Qv notch t .1 tan ^ g lf 2 H m C f{ 


Low heads, H < SO min; C ti v notch 


riiiii-pi.Hiv nelr 


V 



h 


(efl ruli-widtti rectangEe: 



L > 2/i 


^ /? i Rectangle wiih side cuciLraLiiuns, 



U-i V notch, 



Hoi^nilv c^rrtbtlim 








] 50 m'7h 
3600 s/h 


m ' 1 { &\ 

0.04 1 7— ^ C d tarjvg] g 


II s * - 


Solve for tan 


( 6 _ 

\ 2 . 


or 



J/2 

(0.3 m}^ 2 
AttS. 






(f-Loin v.cij [J^eorvl 

^ IF 





0-30 m 3 /s - C^ 1/2 // w = ( 0.564 + C.0846- 1 ^ )(8 m)(9.8l 




4 m 


(£_ Y' :< _ 
x_ ' w 


(30 m Vsj ? 


1/3 


(8 m) (9.81 m/n . 


= J . 1 3 m 


Q - 30 m'Vs = -by 

n 


fX 


.2/3 C lf2 _ 


1,0 (8m)J ®- V " 


.8 + 



rfy 5o - 


dr 


! - (fbd(xA-) 


a = L0 ,4 = 8v 


a 



8y 

r* 

8 + 2y 



At x = -2000 mr 


y ** 5.00 m 


A?U. 



x , 111 



FYubLem QistrltiulkMi 


Section 

Tuple 

Fro file ms 

10 . 1 

Introduction: Iroude number. wave speed 

pi6.i-Pio.io 

10.2 

Uniform flow: the Chtizv fiinmilu 

PI0.lJ-PiQ.36 

10-3 

Efficient mii form-flow diannels 

PI 0.3 1 - PI 0.47 

10.4 

Specific energy: critical depth 

P10.48-P10.SS 

10.4 

Flow over a bump 

PIP.59-P10.6S 

10.4 

Sluice gate flow 

P3 0.69-PJ0.78 

10.5 

Hie hydraulic jump 

P10.79-P10.% 

10.6 

Gradually varied flow 

PI0.97-P10.il 2 

[0.7 

Weirs and flumes 

P10JI3-P 10.123 

10.7 

Backwater curves 

Pl6.124-P10.J28 




V 




gX 


9 


77 


2 f 3ty 

tanh 


A 




pgbh* sin 0 


Proposed 

barrier 






rad 



V 



T cril 


(p s -fi)gd. 


0,5 






r-j 







dkfdx 

- kVoo» 


i 







Gate 


t 



V 



y Gale rai wed lo 
/ xi gap of 10 cm 


Gale 

closed 




[( 1 + 8 Fij) 


\n 







Bump: ft = 10 cm 















Reservoir 



2. - j? 3 ) 

1 / 0^2 1 ~ ]/(*!>'!) J 


1/2 






Side view 

4 

h 


<:h S ft - S + \V 2 t{xh)'(dbldx) 

( ir " 1 - Fr 



//, ft 

Q.K 

3,0 

1.35 

1,5 

fr, ft 

1.5 

2.0 

2.5 

3.5 

(X gal/min 

1620 

3030 

5 920 

9740 


dy So - S + \V 2 t(gb)](dbtdx) 

1 - Fr 


f/.V 




H. ft 

0.2 

0.4 

0.0 

o.s 

1.0 

Cj 

0.499 

0.470 

0.46! 

0.4,56 

0.452 




l / 2 

q - CM ]n \ "i + 


k 


1 *f 

r r>- 


h 


V 


Flow 


t 

'{■ 


Hydraulic 

jump 




l :5 slope 


Q = Gmod / 


where 


f*~ l ,035 



H>.[>f47 


Back water curve 






y(4 


Slope 

07 ° 



12 Til -Vs 


► 


2tH) m 





c 1*3- V V 

• i- - ■« - f ** 1 


■ -5 • ’' 

_ *. « **w ..Tm 


JF 

’- iS 

'Jfm. 

; - - V 


v«: 

sfe>; v '»•; •' ' S ": 7 

■ .•• ••■■■%; :^v , ■■■ 

*..•»• ...y : yn&tfc “ \ «•■•’. - ' •?■',- J 

; . >■ , ’ •. ■^Vfc y r- - lU* 

. . - a * -’m 1 * * . K'i Ji - J ^.v ; * - r 

- ““■ j h ;'g ’ F°'v J ■" , + 

« ' • jL ,- V^*' ■* ' ■ -■- '. ; r^„ v 

® ... .. 

-Tv - ' . ' . -^/As 


PETALUMA 


SCALE MO 

SONOMA 

count r 

CALIFORNIA 


“ - ■ 

M n ^iV- j. 


iy#j ■. 
tpL ,. “ '*■ 


■■ ' -T. X I *i 



■v / L 

t ; 

. 



_• ■* . V 

- « L, 







I 


Pies stine 
rise or 
head 
increase 


0 


Pressure relief valve — 


Low pt 




Dynamic pump 


[ ! Lgh t u 


Positive 

displacement 

pump 


Discharge 




Casing 


— - fiTipelJer 


Expanding 
area scroll 







(1 LI) 


P 2 ~ Pi 



H 


( 1 1 . 2 ) 


( 11 . 3 ) 


hhp = ioT 



( 1 1 . 5 ) 



Q 

Q + Qi 


( 11 - 6 ) 




( 11 . 8 ) 


V 7=7 H Vm 


( 11 . 9 ) 



r = pQir-zVa 


r&'si) 


( 11 , 10 ) 




(14.7 - ( 1 ,52 Ibf/in )(144 in /fir) 

40 ft 5 ( ” Z f 


60. 1 Ibf/ft 


6.0 


or 


Z. ^ ! .6 - 40 - -38.4 ft 


Ans. (It) 



gH = fi(Q, D. n. p, p, e) bhp = f 2 (Q. D, a, p, p. e) 


( 11 . 21 ) 


jH_ 

n J D 2 

bhp 

pb'D' 


{ Q pub 2 e 

Jfil -T3> — — * — 
V nD p D 


- m 


Q pnir t 


3 > 


nD p D 


(II .22) 


Capacity coefficient Cq = 


Head coefficient C !t 


Power coefficient C r — 


Q 


i} D 

gH 

- i i 

ii 2 D 2 
bhp 

ptl 1) 


( 11 . 23 ) 


Cii C^Cq) Cp C p {Cq) 


( 1 1 . 24 ) 
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= 6,68 tf/s = (0.1 15)(20)Z) 3 


D = 

6,68 

!/.* 

= 1.43 ft = 17.1 in 

Arts, (a) 

.0,1 15(20). 




Ql ITUL* 


0*Cq 


na\x 


C 


£?' 


3000(0.23) 
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6.0(2Q) 2 Cl-43) 2 
32.2 


152 ft 


A ns. (f'3 


NPSH* - 


Cjf$*n~D- 

g 


0.37(20) (1,43) 
32.2 


- 9,4 ft 


As is. id) 




(1 1.28} 


dqq r 


0 = IQs cons tan I 


Q 

(«) 



t 


£- 




Q 

lh) 




Size changes m 



0.94 - i7 2 
0.94 - j h 




fQi\ 




( i 1 29a) 


Flow rare changes [44]: 


0 ^2 


( I ! 29b) 


fiff&waluv 

1.0 

10.0 

LOO 

1000 

^l ll h* ? ''k 

85 

76 

52 

il 



0 





blip* 



C { r*rD' 


£ 


5 -On 2 /) 2 

32.2 


Q* = 100*000 gal/nii II = 222 .K lWs - C t ; ♦«£>'* - 0.115n£> 3 
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a (courtesy of K. Eisele et al., “Flon 

Analysis in a Pump Diffuser: Part 1 , Measurements: Part 2, CFD,” Journal of Fluids Eng. Vo 
119, December 1997, pp. 9 6 8-9 8 4/ Am eric an Society of Mechanical Engineers) b 

(from Ref 56 by permission of the American 
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490 - 0.260“ = 120 4 l.335£T 

490 120 

0 = = 229 

0.26 + 1.335 

Q = 15.2 x 10"’ gal/niin = 15,200 gal/min 


Arts. (a) 



H = 490 - 0,26(15.2) 2 = 430 ft 





120 + 1335 




Ans, {b) 


= 386 



System 
Curve 


B A A + B ■ — Q 

Operating points 

(a) 




System 
™irve 


Combined 
in series 


I ‘irnip A 

Pump B 


A A + B 
Operating points 




P$Qa ■* a * a) 

SSObhp A+e 






Division.) 


(Courtesy of DeLaval-Stork V.O.F., Centrifugal Compressoi 
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ojT — ~ i x [ V M } = pQ(^2^2 cos — u \V\ cos a 5 ) (11,35) 
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(1139) 



CJ2eit) 
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(courtesy of National Research Council Canada) d 
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(11.46) 


= § = 0.593 


(11.47) 



3-blade HAWT 

(Fia. 11306) 


Savonius 
/ rotor 


0.5 

0.4 

0 3 

0.2 

0.1 


Speed ratio (Or/V { 


Ideal, 

propel ler type 


High-speed 


HAW 3 


American 
multi Made 


Harrieus 

VAWT 


Dutch, four-aim 


Ideal 

B«U 

number 


(From Ref. 53.) 



(From Ref. 54.) 
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23.9 
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\ ,07 55 

1 CjO 

G66&4 

2.8200 

2.0317 

f ,3880 

0,8952 

1.1171 

1.70 

0.6405 

3.2050 

2.1977 

1.4583 

0.8557 

1.1 680 

1.80 

0.0105 

16133 

2.3592 

1.5316 

0.8177 

] ..2305 

1,00 

0.5956 

4,0450 

2.5157 

1 ,0079 

0-7674 

3 .3032 

2,00 

0.5774 

4.5000 

2.6667 

1.6875 

0,7299 

1.3872 

110 

0.56 E 3 

4.9783 

2.8119 

1 .7705 

0.6742 

14832 

2.20 

0,5471 

5.4800 

2.9512 

1,8569 

0.6281 

1.5920 

2.30 

025344 

6.0050 

3.0845 

19468 

0.53833 

5. 7 (44 

2.40 

0,523 3 

6.5533 

3.2119 

2.0403 

0.5401 

1.8514 

2,30 

0.5130 

7.1250 

3.3333 

2.1375 

0.4990 

2.0039 

2 .00 

0 . 503*7 

7,7200 

3,4490 

2.2m 

0 - 400 1 

2.1733 

2.70 

0,4956 

3.3583 

3 5590 

2.3429 

0.4236 

2.3608 

2.80 

0.4882 

8 / MX ) 

3.6636 

2.4512 

0,3895 

2.5676 
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0.4814 

9,6450 

3.7629 
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2.7954 
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2.0351 
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2.6958 

1 . 1 623 
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2.1381 
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0,60 
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l ,763=1 

1,1194 
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0.2031 
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l .0929 

0.7313 
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0,0723 
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1.2999 

1. 3149 
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0.1361 

0.6065 

0.3276 

13646 

1.1762 

L 60 

a t?24 
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0.7937 

[ .4254 
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1.70 

0.2078 

0,51 30 
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L 90 
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p/p* 

jyjM= 

p*/p = VtV* 

p*tpf, 

0.00 

aoono 

2.4000 

□.0000 

O.OLKX) 

1 .2679 

OJO 

0.0468 

2.3G&9 

0,0560 

0.0237 

1,2591 

0.20 

0, 3 736 

2-2727 

0.2066 

0.0909 

J ,2346 

0,30 

0.3469 

2.1314 

□.4089 
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0.0 1 5 1 
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0,50 

0,6914 
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1.1141 

0.60 

0,8189 
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0,9167 

0.5745 

1 .0753 

0.70 

0.9085 

1.4235 

0.9929 

0.6975 

! .043 1 

0,80 

0.9639 

3.2658 

[ .0255 

□.siot 

1.0 103 

0.90 

0.992 1 

1 1246 

1.0245 

0,9110 

1 ,0049 

1.00 

1.0000 

1.0000 

1 ,0000 

1 .OCKH) 

1,0000 

1.10 

0.9939 

0.8909 

0.9603 

(.0780 

1.0049 

1.20 

0.9787 

0.7958 

0,9118 

1.1459 

1 .0194 

1,30 

0.9580 

0.7 uo 

0.8592 

1 .2050 

1 ,0437 

1.40 

0.9343 

0.6410 

0.8054 

1 .2564 

J .0777 

1.50 

0.9093 

0.5783 

0.7525 

1.3012 

1,1215 

1. 60 

0,8842 

0.5236 

0.7017 

1 .3403 

1.1756 

1.70 

0.8597 

(1.4756 

0.653 iS 

1 .3746 

1 .24* 0 

1.30 

0.8363 

0.4335 

0.6089 

1.4046 

1 ,3 1 59 

1,90 

0.8141 

0.3964 

0.5673 

1.4311 

1 .4033 

2.00 

0-7934 

0.5(0 6 

0.5289 

1 .4545 

1.5031 

2.10 

0.7741 

0.3345 

04936 

1.4753 

J.6I62 

2.20 

0.750 1 

0.3086 

0.46 1 1 

( .4938 

1 .7434 
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Weak shock 

I 

4.0 


Normal shock 


Strong slrotk 


Ma,./;, 









3.0 


length 

V’odiiine 

1 ft = 12 irt O.J04R m 

1 mi 5280 ft - ] 609.344 ill 
l nautical 5ii i Lc {nmii - 0076 ft 3852 m 

1 yd - 3 ft - 0.9144 m 

1 angstrom (k) = 1.0 H-30 m 

ifl - 0.028317 m 3 

1 U.s. gaJ ■ 23 E ill- 1 = 0,0037854 ni 3 

T 1 0.00 E nv 0035315 O' 

1 U.S. fluid (tujkc - 2.9574 F-5 in 3 

1 U.S. tqO = 9.4635 F,-4 m 3 


Arts 

1 slug = 32.174 Ibm = 14.594 kg 

1 Ibm = 0.4536 kg 

1 short ton - 2000 Ibm “ 907. L 85 kg 

1 lonne = 1000 kg 

1 fl’ - 0.092903 nr 
t tni~ = 2.787K4 K7 fr = 2.59 E6 nr 
i acre - 43,560 ft' - 4046.9 m’ 

1 hectare (ha) = 10,000 in 2 

Velocity 

Afseleraliun 

1 = 0 ,3048 fiVs 

1 mi/h _ 1.466666 ft/s _ 0.44704 ini's 

1 kn = 1 nmtflt = 1.687$ ft/s = 0,5144 m/s 

l fl/s J - 0.3048 tii/s 3 

Mass flow 

Volume tkm 

1 slu£/s m 1 4 59-1 

1 Ibfn/s 0.4536 kg/s 

1 gat/m in 0.002228 ft Vs. 0.06309 i./s 

1 X 10^ gal/day 1.5472 frVs 0.04381 m 3 /s 

Pressure 

Force 

1 ifot/fr = 47.88 Pa 

1 IMfm 1 = 344 Ibf/fr = 6895 Pa 

1 aim - 2116,2 Ibf/fr = 34,696 Ibf/iii 2 ^ 

301325 pa 

I inHg (at 2Q"Q = 3375 Pa 

1 bar - 3 .0 H5 Pa 

I |bf rr 4.448222 N - 16 oz 

1 kgf = 2.2046 Ibf = 9.80665 N 
t U.S. (short! ion - 2000 Ibf 
l dyne ~ 1.0 H-5 N 

J ounce (avaMupOis) ioz\ = 0.27801 S 

Puerto 

Power 

1 ft ’ ihfc =“ 135582 1 

1 Btu - 252 cal - 1055.056 l = 778.17 fi ■ Ibf 

I kilowatt hour (kWh) = 3.6 EG J 

I lip = 550 (i ■ Mfc 745.7 W 

1 ft ■ Ibf/s = 1.3558 W 

Specific weight 

Density 

1 lbl/i't l 157.09 Njfri 1 

1 slug/ft' = 515.38 kg/m’ 

1 Ibm/ft 1 “ 16.0185 kg/nf 

1 g/ctif- = 1000 fcg/tov 

VfcKMtty 

K i iu' nuil iv *. i 1 y 

\ slug/ijt 1 s) = 47.88 kg/inn - s) 

1 poi se {3-5 - 1 gAera - - 0.3 fcgAm L s) 

1 fr/h = 0.000025806 itr/s 

1 stokes (St) = 3 enr/s - 0.000 1 nr/s 


Temperature scale readings 


Tv = Pc + 32 T v = S<X P - 32) T* * T 

w litre substripls EC K. and R refer to readings un 
respectively. 

P 4 450.69 f K = T v 4 273.16 

the Fahrenheit. Celsius. Kelvin, and Rftnkinc scales, 

SjK!tilit heal or sills con slant* 

1 htrirud ettnduciivilv* 

T 

1 ft ■ IblftiJug ■ °R) = 0-16723 N * in/tk£ ■ K) 

1 nto/dbin ■ ( ’R) - -1IS&.R l/(kg ■ K) 

1 BLutfh j ft - l "Rl 1 7307 W/(m * K) 


(Ik absolute £ Kelvin} ml Celsius lemperjiune scales have ditierenl slaniti^ |>oinls. 11 k imervals arc the same 
sLfc-; I kelvin = ( Cfrteiu* UcglW- 'I "he sain? hMa> true lor l he nuniitf ric absutoft (Rijntineji nrv,l I -ahircnh^H series: 
I Kaftklne cfcgiM 1 1 1 L’ahrcnlvif deynw, It Js euM-mikiiy eu teraperilure difi'uvriKvs in atnolm* EctEijuniUive uniis. 


x = r cos 0 


v = r sin t) 


■7 


1 9 i i> .5 _ _ 

--{rvy) + — {%> + — fa) - 0 CD.2) 

r rir / < 3 # d? 


. r — ft I 0 r , 

v ■ V = U,— 4 -y f >— + u,— (D- 3 ) 

fir r fiO fii 



dv r 


\ 


+ (V * V)iv — — 


[ dp 
p dr 


+ ft- + ^ 



Mo 


+ (V ■ V) v fl 4 -v r v 0 = 


pi d& 


+ ft? + V ^ v 0 



(D.fi) 


(iu 


<n 


4 (V • V}u. 


f dp 
pdZ 


H- g t 4 


(D. 7 ; 


[-«■)> 


dT 

L* 


4 { V ■ V)T 


- i r S’T 4 - p[ 2 (^. r 4 €f M 4 eT,) 4 - € (II 4 €; z 4 


Jt 

€ t<> 


(D,8) 




I flu, 
r hS 



dvp 

hi 


h\i r dv : 
dz hr 



l / 

r \ ae 




‘>V(> 

hr 


(D.9) 


-P&rr 

““ 

^ZZ ±i- L *ZZ 


T i?z _ t^ e ftz 

\ 

II 


(D- 10) 



(D, 1 1 i 













■ ,jf - ±<f/V 3 
























Pressure 

lhf/1'r 

Pa 

4.7880 E 4 | 


!bf/in : 

Pa 

6.8948 1: + 3 


atm 

Pa 

1.0133 K f 5 


mm Ml; 

Pa 

1.3332 B + 2 

Specific weight 

1 hf/fr ' 

N/m 3 

1 ,5709 E 4- 2 

Specific heal 

ft V(s-‘°R ) 

m'/(s“K) 

1 ,6723 0 - 1 

Surface tension 

ibf/n 

N/m 

1 .4594 E + 1 

Temperature 

°F 

°C 

?c u(/p — 32 ) 



K 

0.5556 

Velocity 

ft/s 

m/s 

0,3048 


ini/ft 

m/s 

4.4704 6 1 


knot 

m/s 

5.1444 U 1 

Viscosity 

Ibf-s/ft 2 

N-s/nr 

4,7880 E + 1 



Ns/m' 

OJ 

Volume 

ft 1 

4 

iti 

2,83 17 E 2 


L 


0,00 1 


gal (U S,) 

m 3 

3,7854 E 3 


fluid ounce (U,S.) 

IT! 3 

2.9574 E - 5 

Volume flow 

frVs 

m Vs 

2.83 1 7 K 2 


gal/min 

nr Vs 

6,3090 H - 5 


[deal-gas kiw: p = pRT. fl air = 2K7 J/kg~K 
Hydrostatics* constant density; 



Surface tension: Ip - YlR^ 1 + R : *) 

[deal-gas law: /j = pfiT, R, u = 2K7 J/kg-K 

Hydrostatics. constant density; 

;» 2 - pi = — y<r 3 — Zj), y = pg 

Hydrostatic panel force: f = yit VCr A, 

Vf = — / 1. 1 I^/( ^ ; A )i rVcp — — t 1 h si n U /( ^ ] 

Buoyant force: 

Fft = (displaced volume) 

CV mass; pr/v) + 2(prtVL. 

'rV ,Mi 

- siMn.. = o 

CV momentum: dfdi{[ pYAA 

1 2 M V) V ] mt - v [ {pAV )V ] 11S = I F 

CV angular momentum: d/<It ( / p( r< h x V kft 1 ) 

+ SpA^xVU- SpAVl r 0 iv>„,= 2M* 

Steady (U>w energy: (p/y+aV /2g + :) m — 

(p/y ,C ,r .l 1 T ^tUltillK 1 

Acceleration: dV/di - dVfdt 

+ + rfftV/Sy) + wfaV/Si) 

Incomfiressible continuity: V - V = () 

Navier-Stokes: p(dV/*// 3 = jig - V 2 V 

Incompressible stream fund ion i//( 

if = rW'iv; l r = — fVf/f/rl.l 

Velocity potential <fr(_v,y«r): 

if = v — it&fiiy: h 1 — iit&iilz 

Bernoulli unsteady irmtaiional flow: 

+ Jtfpfp + V r fl -fgr = Const 

Turbulent friction factor: i/Vj f= 

-2J) logi(t[ff/(3,7d) + 2,5l/(Rc if V?)3 

Pipe head loss: h f — 2g) 

where/ = Moody chart friction factor 

Orifice, nozzle, venturi flow: 

Q^CA^il&Prtpil-P)}]'*. (i = <//£> 

Laminar flat plate flow; S/x — 5,0/Re' , 
c f = 0.664/Rc! rt . G>= 1.32«/Re}' J 

TnrtruleTil flat plate How: fi/.i - 0.16/Re'/ 1 , 
v, = 0.027/Re C D = 0.031 /Re/' 7 

C D - Dr,tg/(|pV -vl): C, - Lifl/&>V*A) 

2-D potential How: T 2 & = VV = 0 

Isemropic flow: T^/T— I + ((i— n/SjVfli 1 , 
Pijp - ayn 1 "* - 1 J . pjp - (Tjrf* - 1 > 

Onc-dimenstonaf isentropic area change: 

^M*=(l/Ma)t1 + 10c— 1 >/2|Ma 2 l ny=Mt+ . 

Prandil- Meyer expansion: K ' = (A + ] )Rk 1 ), 
w=^ l °ian“ , [CMa 2 - 1 l (Ms 3 -l) ,fl 

1 ‘inform flow. Manning s ?k Si units: 

V„|m/s) = { 1 .0//i)[/M0i)] W $V a 

Gradually varied channel flow; 

dyldx = <i„ - S)H l - Fr), Fr = V/V CIil 

Euler turhine fomiula: 

Power - pQiUzVa — Ut V m), u — rm 

















